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Preface

Nanostructured materials are usually defined as having some length scale smaller than
100 nn an at least one dimension.  An impornant subset of this group of materials is
powders with particle size less than 100 nm, and polycrystalline materials, made by
consolidating these powders in such a way as to retain a grain size below this limit. The
choice of 100 nm stems from the fact that many physical, optical, and magnetic properties
have characteristic lengths in this range. As grain or particle size is reduced below this
characteristic length, the properties associated with these phenomena are radically altered.
A frequently cited example is the freezing out of mechanisms for generating glissile
dislocations. Another reason for expecting remarkable properties in nanostructured
polycrystalline materials is the very high proportion of atoms at. or near, grain boundaries
(as high as fifty percent or greater for grain sizes below five or ten nanometers). This
leads. for example, to very rapid diffusion coupled with very short diffusion distances.

Nanostructured materials have been around for many years. Two examples are carbon
black (for automobiie tires) and TiO, (for white paint). The current interest in these
materials dates back to the pioneering work of Gleiter and coworkers at Saarlandes on gas
condensation of ultrafine particles. In this technique, the particles are precipitated from a
supersaturated metallic vapor and swept by convection currents to a cold finger where they
are collected. Since then, the number of methods for synthesis (as well as the number of
materials synthesized) has grown steadily. They generally fall into two categories:
physical and chemical. Another example of a physical method is mechanical attrition, in
which a material is severely deformed in a high energy bali mill, producing an increusingly
dense dislocation network which ultimately collapses into nanoscale grain boundaries
Chemical methods rely on one or more chemical reactions to form the nanoscaic porticles
For example. a precursor may be decomposed during passage through a hot wall reacror
In another technique, called spray conversion, water soluble precursors are spray dried to
form micron-sized particies. reduced in a fluid bed reactor, and then carburized (for
example) in the same reactor I~ one of the most unusual methods. the chemistry is carried
out tn the very high temperature and pressure of a detonation front, propagating in an
explosive. Nanocrystalline diamonds have been synthesized by this method with very high
yield. In what is perhaps the most recent example, nanoscale particles are tormed inside
vesicles within artificial membranes. As suggested by the title of this symposium.
nanostructured materials are being designed and synthesized from the molecule up. as
envisioned by Richard Feynman many vears ago.

The list of applications for nanoscale powders and "nanocrystalline” materials is
enormous and keeps growing. An obvious example of the use of unconsolidated powder is
in the field of catalysis. where the very large surface-to-volume ratio and altered surtace
chemistry leads to significant improvements in the performance of various catalysts.
Another is in the fabrication of arrays of particles for use in devices based on guantum
confinement. Nanoscale powders have been consolidated into nanost .ctured metals,
intermetallics and ceramics. The use of nanoscale powders provide many advantages.
regardless of whether the final product is nanocrystalline. For example, the use of
nanoscale ceramic powder greatly reduces the required sintering temperature. The need for
hot isostatic pressing can be eliminated. Applications for consolidated materials include:
very hard, wear-resistant coatings: ceramics with improved strength and toughness:
superparamagnetic materials for magnetic refrigeration: net shape forming via superplastic
deformation; and transparent ceramic windows, to name only a few.

Progress in synthesis has been very rapid. Several materials, including ceramics and
cermets are commercially available. in some cases in ton quantities (Co/WC). The

xi



emphasis of research and development has been on finding ways to produce unagglomerated
particles wich controlled sizes and very narrow size distribution. Other important con-
siderations are cost, scalability, and environmental impact. Progress in consolidation has
been somewhat slower. This is partly due to the need to understand mechanisms of
sintering, grain growth, and grain growth inhibition. Rapid progress is now being made in
several areas, including oxide ceramics, cermets, ferrous zlloys, and intermetallics
(especially aluminides). Opportunities exist in the areas of non-oxide ceramics (especially
nitrides), and ceramic matrix commposites, to name only two. Progress in consolidation
has enabled investigations of the mechanical properties of bulk nanocrystalline materials, as
well as structure property relationships. Ultimately, it should ke possible to engineer
nanoscale materials from the molecule up to the macroscopic, .n order to achieve specific
desired properties.

The diversity of applications for nanostructured materials, combined with an explosive
growth of interest and activity in this field, has led to problems of communication between
various scientific communities, each with their own special needs and interests. Scientists
and engineers are frequently unaware of the progress mu.de by people from other, seemingly
unrelated fields. It is vital that a dialog between different communitics be established.

This symposium is a major step in that direction. Previous meetings have tended to attract
the same group of people. A comparison of the list »f contributors to this proceeding with
previous topical conferences shows the large numbe. of "new faces.” Hopefully, this is the
start of a healthy trend. Ultimately, successful exploitation of nanoscale materials by
industry will require the best efforts of chemists, physicists, materials scientists, chemical
engineers, and even biologists. together with "real world" industrial engineers.

Lawrence T. Kabacoff
Materials Division
Office of Naval Research

May 31, 1994
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THE PREPARATION, CHARACTERIZATION AND APPLICATION OF
ORGANOSOLS OF EARLY TRANSITION METALS

HELMUT BONNEMANN* AND WERNER BRIJOUX
Max-Planck-institut fir Kohlenforschung, Kaiser-Wilhelm-Platz 1,
45470 Miilheim an der Ruhr, Germany

ABSTRACT

Colloidal early transition metals are of great interest in both powder technology
and catalysis. We report a new process for preparing organosols of zerovalent Ti, Zr,
V, Nb and Mn

INTRODUCTION

The reduction of TiCls with K[BEt3H] gives an ether-soluble [Ti(0) - 0,5 THF],
which serves as a catalyst for the hydrogenation of titanium or zirconium sponges and
related systems and as a powerful activator for heterogeneous hydrogenation
catalysts. X-ray photoelectron spectroscopy and EXAFS analysis support the oxidation
state of zero for the titanium. By analogous reduction of the THF-adducts of Zr-, V-,
Nb-, and Mn-halides, the corresponding ether-soluble colloids of these early transition
metals may be obtained

PREPARATION OF EARLY TRANSITION METAL-COLLOIDS

The reduction of TiCly - 2THF or TiCiz - 3THF in THF solution with K[{BEt3H]
within 2h gives a brown-black solution under the evolution of H, from which about 90%
ot the precipitated KCI can be removed by filtration. After vacuum evaporation of the
solvent and BEt; (identit.ad by 11B-NMR spectroscopy) a black residue is obtained
which is extracted with THF. This THF soiution is treated with pentane to give a brown-
black precipitate in step 1. (Equ. 1).

1. 2h, 40°C, THF

x - [TiClg - 2 THF] +x - 4 K[BEtgH] .
2. -THF, -BEtg, -H,

{Ti-0.5THF]), + x-4 KCI
1
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After thorough drying in vacuo the pyrophoric powder 1 is obtained along with small
amounts of KCI (identified by X-ray diffraction). Quantitave measurements of the gas
evolved during the reduction (1 mol H, per mol Ti), protonolysis and cross experiments
using K[BEt3D] as the reducing agent in (1) show that the product of step 1. still has
various amounts of residual hydrogen. The hydrogen is removed in vacuo to give 1
(step 2.). 1 readily dissolves in THF and ether but is insoluble in hydrocarbons such as
pentane. For experimental details see [1].

The IR spectrum of 1 shows intact THF coordinated to the metal core. Further
characterization of 1 by X-ray diffractometry, XPS, and EXAFS (1] supports its
description as colloidal titanium stabilized by complexed THF and containing residual
hydrogen (Fig. 1).

T™HF THF
—

THF . THE

Fig 1. Ether soluble [Ti{0) - 0.5 THF],

The corresponding Zr-colloid was isolated by adding the THF-solution after
filtration from KCI slowly to pentane, where the Zr-colloid precipitates. The workup of
the V-and Nb-colioids was performed similarly. The reduction of the THF-adduct to
MnBr, at 40°C yielded a stable, isolated [Mn - 0.3 THF], colloid containing typically
60% Mn.

THF
x - [MnBra - 2 THF] + x - 2 K[BEt3H]) 2h 40C
[Mn-0.3 THF]x +x-2BEtg + x-2 KBr + x-HaT 2

Ir and NMR data of the colloid show intact THF coordinated to Mn. There is no
evidence for ether-cleavage. HRTEM showed the fringes of Mn-particles of the size 1 -
2.5 nm. An EDX-analysis of the Mn-nanoparticles showed no bromide to be present.
This result confirms the assumption that colloidal Mn(0) was formed.

EXPERIMENTAL PROOFS OF ZEROVALENT COLLOIDAL Ti

The protonolysis of 1 with 2N HCI provided 1.5-2 mol of H, per mol of titanium.
Theoretically, 1.5 mol H, are expected for Ti%. This shows that in 1 Ti® has various
amounts of residual hydrogen.




According to the IR spectrum of 1 intact THF is coordinated to the metal center.
Neither the IR nor 'H NMR spectra give evidence of Tl-bound hydrogen. Likewise,
there is no spectroscopic proof of a cleavage of THF by T In the X-ray diffractogram
of 1 besides the reflections of the KCi impurity only a diffuse, small peak at 20 = 30° is
seen, the position of which matches that of the peak of amorphous titanium. The
accompanying lattice distance, approximately 0.3 nm, corresponds to that in the metal.
In the XPS spectrum of 1 (Fig. 2d) the Ti2p peak is found 2.3 eV higher in energy than
in the spectrum of TiO,, (Fig. 2a). Although metallic titanium as finely divided as 1 was
not available for contr% experiments, it can be deduced from the XPS spectra (Fig. 2)
that titanium in 1 is almost as reduced as titanium metal.
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Fig. 2. XPS spectra (double peak Ti2p,,, and Ti2p,,,) of a) TiO,,
b) TiO, from 1, c) a sample of 1 with an oxidized surface,
d)Ti- 0 5 THF 1. n = number of recorded pulses.

The lack of the typical broad peak between 990 and 1010 eV for 1 indicates the
absence of T|O (no oxidation of the sample during the measurement). As a
comparison for the measured values, the curves from TtO2 produced from 1 (Fig. 2b)
and from an oxidized sample (Fig. 2c) are also displayed.

Two titanium-hydrogen compounds are known. a-TiH, (o < 0.46) can be des-
cribed as elemental titanium with incorporated hydrogen whereas B-TiH
(ca. 1 < y < 2)[2] has a CaF,-type structure. The radical distribution function of arg
initial EXAFS analysis fitted wit % the experimentally determined titanium phase function
(of titanium metat) shows three shells of titanium for 1 with the Ti-Ti distances listed in
Table 1. A hexagonal structure type similar to that of a-titanium can be deduced from



these values. The lattice is somewhat expanded [3], possibly by the included hydro-
gen.

The characterization of 1 up to this point supports its description as colloidal
titanium stabilized by compiexed THF and containing included residual hydrogen. The
determination of the particle size by transmission electron microscopy has not been
conducted.

The analogous reauction of ZrCl, with K[BEt,H] in THF also provided a product
soluble in THF; its composition was determined to be 34.1 % C, 8.0 % H, 11.4 % O,

Table 1. Comparsion of the Ti-Ti distances in 1, o-Ti and B-TiH, o,

Sheli 1 o-Ti B-TiH

97
(a=2.952, c=4.689A[4) (a= 4'.445 Al4))
2.90 A
1 2.96 A 095 A} 2925 A 3.14 A
2.95A
2 421A  414A 444 A
3 568A 585A 5.44 A

3.7 % B, 5.2 % Cl, 17.9 % K, and 19.4 % Zr. The purification and closer characteriza-
tion are not yet complete.

SOME APPLICATIONS OF EARLY TRANSITIONMETAL-COLLOIDS

Besides the app! cation of 1 as dopant for noble metal hydrogenation catalysts,
the colloidal [Ti(0) - 0 STHF], has been found to be a very efficient catalyst for the
hydrogenation of titanium and zirconium sponges as well as for a nickel hydride
battery alloy. The uncatalyzed hydrogenation of titanium or zirconium sponges using
compressed hydrogen affords pressures above 100 bar and minimum reaction tem-
peratures of 150°C. The hydrogenation of these metals under such drastic conditions,
however, is associated with unwanted sintering of the materials so that the products
can only be used after additional grinding. After the addition of 1% Ti (present in 1) to
the metal sponges a smooth hydrogenation of titanium and zirconium is observed at
low temperatures (60° - 90°C). The reaction may be carried out in THF solution,
toluene suspension or in the dry state after depositing the catalyst on the surface of
the samples by evaporation of the solvent in vacuo. Using a special device [5], the
mass specific uptake of hydrogen depending on pressure, temperature and time was
monitored automatically. Fig. 3 shows the typical course of the hydrogen uptake during
the hydrogenation of a titanium sponge at 60°C catalyzed by 1% Ti in the form of 1.
After a certain latent period with only negligible uptake of Hp an abrupt start of the




catalytic hydrogenation occurs; followed by a period of rather constant Hy-uptake
(denoted as the “hydrogenation period"). Towards the end of the Ha-uptake the
reaction tums into a slow decay.

H2 - presmrre par]

1

it

S [h]

Fig. 3. Hydrogenation of Ti sponge catalyzed by 1

An inspection of Fig. 4 shows, that the mass specific hydrogenation time [min/g]
detected for 1 g of titanium sponge at 100 bar H, in the presence of the catalyst is
constant between 60° and 90°C, practically constant in THF and toluene and even in
the absence of a solvent. Significant differences, however, occur with regard to the
latent period. If the catalytic hydrogenation of titanium sponge is performed at veiy low
hydrogen pressure (5 bar), a prolonged reaction time is required. In case of the Ti(0)-
catalyzed hydrogenation of zirconium sponge at 60°C in THF no latent period was
observed.

260 J
200
150
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1

Fig. 4. influence of temperature, solvent, and pressure in the
hydrogenation of Ti and Zr sponges catalyzed by 1




A welcome benefit of the Ti(0)-catalyzed hydrogenation process is that the
compact titanium and zirconium sponges break down during the Ho-uptake forming
finely divided hydride powders.

X-ray diffraction of the products has provided an unambiguous identification of
TiHy and ZrH,. Protonolysis of the dry hydrides with 5n HCI liberates 98% of the
theoretically expected amount of Hy.

An interesting application of the Ti(0)-catalyzed metal hydrogenation process is
the pressureless hydrogenation of a NiiZr/V/T/Cr alloy at room temperature. The
corresponding hydride of this special alloy (38.2% Ni, 24.3% Zr, 12.8%Ti 18.7%V,
6.0% Cr) is of current interest for electrochemical purposes (Nickel hydride battery).
However, the hydrogenation at room temperature affords 5 bar hydrogen pressure and
even under these conditions an unwanted latent period occurs. After doping the
surface of the alloy with 1 wt.-% of soluble Ti(0) using 1 as the precursor, a
spontaneous uptake of 0.6 - 0.7 wt.-% hydrogen is observed at room temperature
without applying pressure.
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SPONTANEOUS FORMATION OF Ag AND Au PARTICLES IN ALCOHOLS

7 NG,T M. QUINN,' G. MILLS," AND W. GALE}
g ent of Chemistry, Aubum University, Auburn, AL 26849
i -~ Engineering Program, Auburn University, Auburn, AL 36849

ABSTRACT

Metal particles are generated via the spontaneous reduction of Ag* and AuCls ions by solvent
molecules that takes place in air-saturated alcoholic solutions containing hydroxide ions. Changes
in the plcsmon band of the Ag particles are observed when the metal particles are in contact with
Ag>0 particles. The optical changes are explained in terms of surface effects of the metal particles.
Larger shifts of the Au plasmon band and light scattering were observed at the initial stages of the
particle formation process. These effects are explained in terms of formation of networks
consisting of small metal particles. It is proposed that generation of small Au particles occurs
mainly on silica surfaces, and that particle-networks are formed when small particles desorb from
the surfaces.

INTRODUCTION

Small metal particles continue to receive considerable attention because of their novel physical
and chemical properties.!-3 For example, the optical properties of small Ag and Au particles are
influenced by particle size, particle shape and surface effects. 34 A convenient way to study these
effects consists in using colloidal solutions of the metals.3

A simple method for the preparation of small colloidal Ag and Au particles is presented here.
The general procedure is based on the instability of some metal complexes in basic alcohols, which
results in the reduction of the metal ions at room temperature. The present report is centered on
preparation methods, some kinetic aspects of the particle formation process, as well as
characterization of colloids produced by the spontaneous reduction of Ag* and AuCly ions in air-
saturated alcoholic solutions containing hydroxide ions.

EXPERIMENTAL SECTION

Methanol, 2-propanol, NaOH (Fisher), AgNO3, NaAuCly - 2H;0 (Aldrich), and SDS (MCB)
were used as received. Unless otherwise stated, all chemical reactions were performed at room
temperature. Stock solutions of powdered Nafion 117 (Aldrich) containing 5% (wt) of the
strongly acidic material (equivalent weight of 1,100 g/equiv.) were neutralized prior to addition to
the NaAuCly solutions. Suspensions of SiO; particles were prepared by sonicating 0.02 g of Cab-
O-Sil HS-5 fumed silica (Cabot, average diameter = 8 nm) in 0.1 L of methanol. For Au colloids,
0.75 mL of a 2 x 10-2 M NaOH solution in methanol was added to about 45 mL of a methanolic
solution of NaAuCly and stabilizer. The volume was adjusted to 50 mL with alcohol under
stirring, and the final concentrations were 104 M NaAuCly, 3 x 10-* M NaOH and 10-3 M SDS or
104 N Nafion. To avoid irreproducible results Au colloids were prepared in polypropyiene
volumetric flasks and in the absence of ambient light (the gold complex is sensitive to visible light).
Colloidal Ag were prepared from 2-propanol solutions containing 2.5 x 104 M AgNO3, 5 x 104
M NaOH and 4 x 104 N Nafion. Non-neutralized Nafion was used in this case.

A Hitachi U-2000 spectrophotometer was utilized for optical absorption determinations, and
the spectral changes were monitored in | cm quartz or Pyrex optical cells. X-ray diffraction
(XRD) experiments were performed with a Siemens D5000 powder diffractometer. Transmission
electron microscopy (TEM) were carried out with a JEOL 1200-EX microscope.
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Figure 1. Evolution of the optical spectra during formation of Ag particles.

RESULTS

A bright yellow solution was slowly formed when hydroxide ions were added to an air-
saturated alcoholic solution of Ag* ions. The evolution of the absorption spectra with time is
presented in Figure 1. Between 5 and 16 min, a broad absorption centered at 410 nm developed.
At longer reactions times the absorption band narrowed and shifted continuously to shorter
wavelengths. The shifts in the absorption band ceased after about 5 h, at which point a narrow and
strong absorption band centered at 390 nm was obtained. Afterwards, only a slow but continuous
increase in the intensity of the 390 nm band was noticed. The evolution of the optical spectra was
completed in about 10 hours, and the final spectra is shown in Figure 2. XRD and TEM
measurements of the yellow colloid indicated that it consisted of nearly spherical Ag particles; the
most frequent particle size was 4.5 nm and the statistical average particle size was 7.4 nm. Large
Ag>0 particles and also a few metal particles were observed in TEM experiments with solutions
prepared at -45 C. These results suggest that silver oxide is initially formed through the reaction
between Agt ions and OH- jons.

Colloidal Ag particles prepared in 2-propanol with Nafion are very stable toward agglomeration
or oxidation by air despite of their small size. Ilumination of evacuated colloids at 290 nm or
irradiation of air-saturated colloids with photons of A 2 380 nm produced no change in the optical
spectra of the particles. However, the band centered at about 390 nm decreased in intensity and
shifted to longer wavelengths with increasing time when colloids were illuminated with light of
290 nm in the presence of air (Figure 2). At irradiation times longer than 64 min the absorption
decreased, but A, remained constant at about 410 nm. The decay in optical density was
exponential with time and a rate constant of 4.8 x 10-5 s~ was determined from a first order plot of
the data. As shown in Figure 3, micron-size polycrystalline Ag20 particles as well as small Ag
particles were present in a colloid irradiated for 810 min,
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Figure 2. Spectral changes during irradiation of colloidal Ag. Irradiation times (min) from top to
bottom are: 0, 7, 15, 64, 100, 180, 448, 662, 691 and 810.

Figure 3. TEM image of an Ag colloid illuminated for 810 min with 290 nm light.
Addition of hydroxide ions to an air-saturated methanolic solution of AuCls ions and

Nafion resulted in a siow evolution of the absorption spectra with time, as shown in Figure 4.
Broad absorption bands were observed; Amax shifted initially to 590 nm and then slowly to 540 nm
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Figure 4. Spectral changes during formation of an Au colloid stabilized with Nafion.

at the later stages of the reaction. The resulting colloids were transparent and stable for several
weeks. They consisted of near-spherical (faceted) metal particles with an average diameter of 57
nm (Figure 5). Our results are in good agreement with previous observations on Au particles in

water (Amax = 536 nm for daverage = 60 nm).5

Shifts in Apax at wavelengths longer than 500 nm similar to those shown in Figure 4 were
detected in all coiloid preparations. In general, a turbidity developed as the absorption bands
shifted to longer wavelengths and it faded away when the bands shifted to shorter wavelengths.
Changes in optical density at 560 nm were used to follow the kinetics of the initial step of the
particle formation reaction. Typical results are presented in Figure 6. Curves a-c were measured
1n quartz cells and correspond to the changes in absorbance of solutions containing SDS, Nafion
and no stabilizing agent, respectively. Au particles were formed with an apparent first-order rate
constant of kypp = 2 x 10-2 min"! in SDS solutions, and with kapp = 3.7 x 102 min"! in soluticns
with Nafion.

The rate of the Au particle formation process in methanol was strongly affected by the nature of
the container used to store the reacting mixture. For example, formation of particles was
completed after a few hours when the basic AuCly solutions were kept in Pyrex volumetric flasks,
whereas hardly any reaction was noticed after 24 h when polypropylene containers were utilized.
Therefore, solutions containing the gold complex were mixed with base in polypropylene vessels
and sample of the mixture was immediately transferred to optical cells where the reaction was
allowed to proceed. Curve d in Figure 6 was measured using a Pyrex cell and shows the evolution
of the absorbance at 560 nm with time for a solution of NaAuCls. NaOH and SDS. A fast
formation of particles (kapp = 0.14 min"!) followed after an induction period of 20 min. Since
solutions with the same chemical composition were employed in the experiments with a quartz cell
( curve a) and with a Pyrex cell (curve d), the results presented in Figure 4 indicate that the rate of
metal particle formation was affected by the type of surface that is in contact with the solution.




Figure 5. TEM image of an Au colloid prepared in the presence of Nafion.
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Figure 6. Evolution of the absorption at 560 nm in solutions containing 104 M NaAuCls, 3 x
104 M NaOH and: curve a, 10-3 M SDS; curve b, 10-4 N Nafion; curve c, no stabilizer. Results
were obtained using quartz cells. Curve d: 10-3 M SDS, measured in Pyrex cells.



DISCUSSION

The red shitts of the metal plasmon band during the formation of Ag particles can be correlated
to surtace effects that occur when the diameter of the metal particles is small.3 Shifts o the metal
plasmon band in the opposite direction are observed during the photooxidation of the metal
particles, indicating that they arise when metal and oxide particles coexist. Formation of small Ag
particles vn the surface of farge oxide particles will result in electronic interactions between the two
types of materials because Ag20 has semiconducting properties. Thus, the surface effects of the
metal particles are related to metal-semiconductor interactions. The shifts in the plasmon band of
colloidal Ag are explained under the assumption that transfer of electron density from the metal o
the oxade takes place when small Ag particles are formed on the surface of AgyO.

Very broad plasmon bands and stronger shifts of the plasmon bands were observed during
the formation of Au particles. However, it is not possible to explain these effects under the
assumption that they originate from surface and size effects, because smaller shifts (10 to 20 nm)
are usually induced by these effects. In addition, the turbidity that develops with increasing time
ndicates that smali Au particles formed initially react to generate species that scatter light, and that
the optical effects are related to simultaneous changes in partic'e size and light scattering. The
species that generate the optical effects may correspond to networks of weakly interacting meta)
particles, since it has been shown that the plasmon band of Au particles broadens and shifts to
longer waveleagths when the particles form networks.?5 Coalescence of the Au particles in the
networks yields large metal particles with strong plasmon bands, which explains the blue shifts of
the absorption bands that were observed at longer times. Since elemental gold is not formed in
polypropylene or polystyrene containers it appears that metal particle formation is promoted by
sihica surfaces. and that the promoting effect of Pyrex is stronger than that of quartz. These
observations are explained under the assumption that metal particle formation proceeds initially on
top of the silica surtaces. The metai crystallites desorb from the surfaces during the carly stages of
growth. torming networks of small Au particles.

In conclusion, the spontaneous formation of metal particles in alcohols containing base is a
simple method for the preparation of small Ag and Au particles. We have recently used this
methe. 1 for the deposition of thin films of these metals on Mylar supports.

We wish to thank B. Hajek for his help in XRD experiments. This work was supported by the
Strategic Defense Imtiative Organization's Office of Innovative Science and Technology
(SDIO/TNI) through contract aumber N60921-91-C-0078 with the Naval Surface Wariare Center.
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ELECTRONIC STRUCTURE CALCULATIONS OF PURE AND OXIDIZED
COPPER CLUSTERS USING JELLIUM AND MO - LCAO MODELS

HENRIK GRONBECK, MATS ANDERSSON AND ARNE ROSEN
Department of Physics, Chalmers University of Technology and University of Goteborg,
S-412 96 Goteborg, Sweden.

ABSTRACT

A self consistent jellium approach to the chemisorption of molecular oxygen on copper
clusters is investigated and compared with local density MO - LCAO calculations. The
jellium model is found to be well suited for chemisorption studies and the results explain
the main trends in the measured chemisorption properties of O; on copper clusters.

INTRODUCTION

One of the main objectives for research on clusters is the future prospects to use clusters
in the design of new materials. Cluster assembled materials are believed to have special
optical, mechanical or catalytic properties. The first step in the design of these new materials
is, however, the characterization of free clusters. This has been an intense field of research
during the last ten years{l].

One of the most interesting discoveries in the characterization free clusters is the ex-
istence of magic numbers first observed in the abundance spectra of sodium clusters by
Knight et al.[2]. After these experiments various simple metal clusters have been reported
to show magic numbers in electronic properties such as, ionization potential, electron affin-
ity, optical response and reactivity[3]. The magic numbers are interpreted as electronic
shell closings, resulting from quantized valence orbitals for electrons in an effective positive
potential background constituted by the ionic cores. The self consistent spherical jellium
model which almost has grown into a paradigm in cluster physics was first introduced as
an appropriate cluster model by Ekardt[4]. The jellium model is simple and consequently
an attractive tool that has been able to give a qualitative understanding of various exper-
imental findings where the electronic shell structure dominates over the exact geometrical
cluster configuration(5]. The original spherical model only accounts for the main trends in
the size evolution of electronic properties, i.e. the abrupt property changes at cluster sizes
of 8, 20, 40 atoms. To reproduce the experimental findings for also open shell clusters shape
deformations of the jellium background has been introduced to model the Jahn - Teller
distortion[6,7,8].

Reactivity of metal clusters is an important topic for applications in catalysis where the
prospect is to obtain materials with appropriate reaction selectivity and efficiency. Regard-
ing free clusters the reactivity has been reported to vary orders of magnitude with varying
cluster size[9]. One example of cluster reactions showing a strong size dependence is the ox-
idation of copper clusters[10,11]. The reactivity has shown a close correlation to the jellium
counting rules where the closed shell clusters with 8, 20, 40 atoms are reported to be less
reactive compared with clusters having one, two or more valence electrons. Previously we
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have reported on chemisorption of molecular oxygen on copper clusters using a first principle
MO - LCAO approach within the local density approximation(12]. The calculations were
done for clusters around the shell closing at eight atoms and indicated an electronic shell
effect. The O; molecule was just weakly bound to the Cug cluster while a strong bonding
was obtained for Cug. These calculations indicate that a jellium treatment of the clusters
might be an appropriate approach to study the chemisorption process and we will in this
work elaborate on this point and investigate how well a spherical jeliium description of the
copper clusters reproduce the first principle results. The comparison will be carried out for
the Cug and the Cug clusters. In this way the two extremes of a closed and a mono valent
cluster will be treated . 'The jellium model has previously mainly been used to describe alkali
metal clusters. The extension to nobel metal systems should be done with care since the
hybridization of d, s and p states while forming larger aggregates is not completely clear.
However, the ellipsoidal jellium model has successfully been used for the calculations of
electron affinity of copper clusters{13]. The comparison of the jellium and the first principle
results for the Cug shell closing encouraged us te also calculate the chemisorption properties
of oxygen around the shell closings at 20 and 40 atoms.

COMPUTATIONAL SCHEME

The density functional theory with the local spin density approximation{14,15] is used
to transform the many - electron Shrédinger equation into a set of one - electron equations.
The hamiltonian in atomic units reads,

A(F) = —59* + vegs (9),€0) 1)
Where £(r) is the relative spin density,
£0) = (1(r) - P (/0 (). @)
The effective potential in Eq. 1, ves¢(r, (r)) can be decomposed into three parts,
Ves1(1,€(r)) = va(r) + Vee(r) + vae(r, £(r)). 3)

The first term v, (r) represents the attractive Coulomb potential from the nuclei of the atoms,
the second term v,.(r) is the electronic Coulomb potential due to the cluster charge density
p(r). The last term is a parameterization of the remaining electron-electron interactions
for the one particle potential. For this term we have used the spin polarized formula by
Gunnarsson and Lundqvist{16].

In the first principle calculations v,(r) is composed of the point charges o the constituent
atoms in the cluster. The spherical jellium model approximates this part disregarding the
ionic structure and uniformly distribute the charge on a sphere with a radius and a density
which preserve charge neutrality. The cluster contribution to the ionic potential is thus
given by,

Vcluster = { —.% - r2k
“Tl-EG- 4R r<R

Z is the net charge of the ionic system and R is the radius of the jellium sphere, R = r,Z/3.
For the Wigner Seitz radius r, we have used the corresponding bulk value of copper 2.67
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a.u.. Both in the first principle and the jellium calculations solutions to the hamiltonian
is obtained by expanding wave functions in a linear combination of atomic or jellium wave
functions, i.e. the LCAO approach. These wave functions are given on a numerical grid
and are generated separately using a SCF-LDA code. The obtained secular equation in the
LCAO approach is given a block diagonal form by applying the symmetry of the system and
the matrix elements are evaluated using the three-dimensional integration scheme developed
by Boerrigter et al.[17]. The eigenvalues are solved to self consistency using the density
fitting method proposed by Delley and Ellis[18).

RESULTS

Fig.1a shows the one-electron eigenvalues calculated for Cug and Cug using the first
principle MO-LCAO calculations and the self consistent spherical jellium approach, respec-
tively. The cluster gecometries used for the first principle calculations were for both cluster
sizes the C,, isomers. For the Cug clusters this isomer is reported as the energeticly most
favorable{19] The jellium description rely on the 4s electrons to completely determine the
electronic properties of the cluster. Therefore we also have investigated the effect of the 3d
electrons by carrying out the first principle calculations o1 two levels of approximation. One
where the 3d electrons were included in the variational treatment and another where the
3d electrons were kept fixed as the lower lying states within the frozen core approximation.
In both treatments also the 4p polarization wavefunctions were included together with an
ionic basis set 4s4p of the Cu®* ion to yield an increased variational freedom. In Fig. 1
the one - electron urbitals are denoted by the corresponding C;, symmetry notation. For
the calculations including the 3d - states only the orbitals mainly showing 4s character are

Cug Cug Og/Cug Op/Cug 02
304s4p 4s4pJELLIUM 3dksdp dskp JELLIUM LCAO JELLIUM LCAO JELLIUM
-2 ° 2
> HEE D
D giaa 4 :f 8 :;_
~ Wwe— L s s - -
- » 02 2z .
2
g lmp— B Blaw 87 -8
= = B 5 cmme -—
& fprE ﬂ. LI By == 31‘:::3: 2o
= e =7 = =
== _E = | — X1 - g
-8 _ = g| == Ea— ou
arer-— . e =
a1 - al -
.10 " a) -10 _ = b)

Figure 1: a) Energy level diagram for the bare clusters Cus and Cug. The occupied levels are
represented by solid lines and the unoccupied by dashed lines. First principle results are shown at
the two levels of approximation, one including the 3d states and one treating them in the frozen
core approximation. The orbitals are denoted according to the Cy, symmetry. b) One electron
energy spectrum for the oxidized clusters. The LCAO calculations represent the case of including
the 3d states. To the right also the HOMO level for the free oxygen molecule is included.
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indicated. In these calculations the shell structure is clearly apparent with a large HOMO
- LUMO separation for Cug and a high lying HOMO level for Cup together with a minor
HOMO - LUMO gap. The symmetry of the cluster also distribute the 4s electrons in a
coufiguration similar to the jellium result. The exclusion of the 3d - states in the variational
loop contracts the energy spectra and results in a larger separation of the one - electron
orbitals corresponding to the jellium 1lp state. However, it is obvious that the exclusion
of the d - states just brings a minor shift to the HOMO level of the clusters and that for
a qualitat’ ¢ understanding the 3d - states may be excluded. The spherical jeliium levels
are in comparison with the first principle levels shifted upwards. The absolute energies
for the eigenvalues are scaled with the value of the jellium parameter r,, which determines
width and depth of the potential. Reducing the r, value would yield absolute results in
better agreement with the first principle results. However, changing the r, value would
also introduce an arbitrariness in the model removing one of the attractive features of the
approach.

Knowing the electronic structure of the bare clusters we continue with an investigation
of the O3 chemisorption on the two cluster sizes. In Fig. 1b the energy level diagrams for the
chemisorbed state of O3 calculated with the jellium and the MO-LCAO approach including
the 3d-electrons are shown. The bond distances between the molecule and the cluster were
optimized, while the interatomic bond distance of the oxygen molecule was kept at 2.4 a.u.
which corresponds to the free molecule value. Again, the notation is that corresponding to
the C;, symmetry. Also included in the figure are the antibonding x* orbital levels for the
free oxygen molecule. This orbital is in the free molecule half filled forming a triplet ground
state. In the first principle results the chemisorption site for the Cug cluster was a 'hollow’
site while an 'on top’ site was investigated for the Cug cluster. The results obtained for
Cug and Cug are different. For the closed shell Cug cluster the interaction with the oxygen
molecule breaks the high degeneracy and spin pairing of the bare cluster. The interaction is,
however, not larger than that the cluster and oxygen orbitals keep their original character.
The unoccupied a; and b, levels of the free molecule are shifted upwards to the HOMO level
of the cluster introducing states just above the HOMO level removing the large HOMO -
LUMO separation. Fer the Cug clusters on the other hand the mixing between cluster and
oxygen states is large. For example, the states originating from the 1d jellium level is for
the nine atom cluster splitted aver about twice the energy range compared with the eight
atom cluster.

The stronger mixing can also be seen in the charge transfer from the cluster to the oxygen
molecule. In our previous paper the charge transfer was analyzed using a partial density of
states analysis. The net charge transfer from the cluster was found to be composed of two
flows, one filling the antibonding * state and another resulting in less charge of the bonding
= orbital. Both resulting in a weaker bond between the oxygen atoms. Using 2 Mulliken
population analysis the charge transfer was in the Cug cluster found to be 0.3 electrons for
the jellium case and 0.4 for the MO - LCAO calculation. Corresponding numbers for Cug
were 0.7 and 0.6. These numbers clearly show the same trends. We also notice that the shift
of the HOMO level due to the oxidation for the jellium and first principle results are equal,
0.2 eV for the Cug cluster. This is an encouraging results since this enable-us to do reliable
estimations of how, for example the ionization potential will be effected by the oxidation.
The corresponding change is overestimated for the Cug cluster by a factor of two. This is a
result of the high degenary of the jellium orbitals and introducing an ellipsoidal shape would
decrease the discrepancy between the models. To summarize the comparison, we conclude
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that the jellium model surprisingly well describes the chemisorption of the oxygen molecule.
Thus, we will continue by employing the model for shell closings at larger cluster sizes.

The effect of the shell closing is mainly maintained when probing the closed shell clusters
at 20 and 40 atoms together with the monovalent clusters of 21 and 41 atoms. In Fig. 2
the result of a partial density of states analysis is shown for the O;/Cu, systems. The
chemisorption distances are optimized and the total density of states is projected on the
oxygen 2p orbital. The solid line correspond to the component pointing towards the jellium
sphere referred to as the 'perpendicular’ component and the dashed line is the ’parallel’
component. 3oth the occupicd and the unoccupied deusity of states are displayed plotted
with respect to the Fermi energy. The degeneracy of the levels for the free molecule is
broken because of the perturbation of the jellium sphere as discussed above. We see how
the splitting is much more efficient for tlie monovalent cluster than for the closed shell
clusters. For the larger cluster sizes the ciuster energy levels are closer in energy which
results in a stronger mixing between these levels upon chemisorption. This will for the
chemisorption result in a weaker size dependence, which clearly can be seen for the Cuyp
and Cuy, clusters.
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Figure 2: Partial density of states. The total density of states is projected on the two angular
components of the oxygen 2p orbital. Solid line refers to the component pointing towards the
jellium sphere, dashed line is the component parallel to the jellium sphere.

CONCLUSIONS

In order to analyze the reactivity of large clusters, for which first principle methods
not are feasible, we have investigated the performance of the jellium model. The clusters
were treated as jellium spheres and the chemisorption of molecular oxygen was studied self
consistently using a MO-LCAO approach within the LSD scheme. The capability of the
model was checked through a comparison with first principal calculations for the electronic
shell closing at eight atoms with encouraging results. Although the spherical jellium model
showed a poor performance for bare clusters due to the highly degenerated levels, the main
trends in the oxidation was found to be properly described.
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ABSTRACT

Neutral, low-valent complexes of transition metals or an organometallic compound of Ge are
prepared containing ancillary ligands which bear silicate ester or (alkoxy)silicon functional groups.
Inclusion of these molecules as dopant species in a conventional sol-gel synthesis of silica xerogels
affords silica xerogels in which dopant molecules have presumably been covalently incorporated
into the xerogel matrix with uniform and high dispersion. Subsequent thermal treatment of these
molecularly doped xerogels under reducing or oxidizing/reducing conditions gives nanocomposites
containing nanoclusters of metals or semiconductor substances. By this procedure,
nanocomposites containing nanoclusters of Ag, Cu, Pt, Os, CCos3, FezP, NiyP, or Ge have been
prepared. Preliminary evidence for the formation of a nanocomposite containing Pt-Sn
nanoclusters derived from a bimetallic molecular precursor is also presented. Characterization data
tor the nanocomposite materials include TEM, electron diffraction, EDS, XRD, and selected use of
micro-Raman spectroscopy. These results support the hypothesis that covalent incorporation of
molecular precursors containing low-valent metals into a silica xerogel can afford nanocluster
phases with high dispersion, relatively small particle size, and unusual clemental composition.

INTRODUCTION

Nanocomposite materials consisting of very small particles (typically nanoscale particles having
diameters less than 100 nm or, equivalently, 1000 A) of a guest substance dispersed throughout a
host matrix are a topic of intense current interest for potential applications in chemical catalysis or
as magnetic, electronic, or photonic (nonlinear optical) materials [1]. Guest substances of metals
or semiconductors are of particular interest for these applications.

Nanocomposites containing nanoclusters of metals dispersed in a silica xerogel host matrix
have been prepared by doping metal salts into a conventional sol-gel synthesis of silica xerogel
followed by oxidative and reductive thermal treatments. For some metals, this procedure gives
metal nanoclusters of small and quite uniform size. A more general procedure for obtaining such
metal nanoclusters having a fairly uniform and monomodal particle-size distribution has been
evaluated by Schubert and coworkers [2]. In this adaptation, a trialkylorthosilicate group is
attached via a CHCHCH?2 linkage to either a NH2 or ethylenediamine fragment. These
molecules serve as bifunctional ligar.ds. Addition of these donor molecules to a conventional sol-
gel recipe in the presence of metal salts leads to complexation of the metal ion by the amine
functional groups and to hydrolysis and condensation of the silicate ester functional groups with
the resulting silica xerogel matrix as it is being fomed. This covalent attachment of metal ion
complexes 1o a xerogel matrix apparently gives more uniform dispersion of the metal ions
throughout the xerogel. Subsequent oxidative and reductive thermal treatments results in silica
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xerogels containing metal nanoclusters. Selected metal nanoclusters of the following metals
(average diameter, A, diameter range. A) have been prepared by Schubert using this method: Ag
(195,90 - 309); Cu (39, 15- 74); Pt (25, 8 - 42).

In this study, covalent attachment of molecular precursors to a growing silica xerogel matrix by
means cf hifunctional ligands is extended 10 include neutral, low-valent metal complexes or an
organometallic compound of germanium. Such complexes are expected to be more inert toward
ligand substitution than ionic amine complexes thereby affording a more uniform incorporation of
molecular precursor throughout the xerogel matrix. Furthermore, precursor mclecules containing
low-valent metals may decompose thermally under solely reductive conditions to give nanoscale
phases thus obviating the need for an oxidative thermal decomposition treatment. This latter aspect
might provide synthetic control over the elemental composition of the nanocluster phase through
the proper choice of precursor molecule.

EXPERIMENTAL

The overall synthetic strategy is shown in equation (1). A metal complex or compound, 1, is

H,0, McOH
Si(OMe)y + x L,M{L=~ Si(OR});} ot Si0, xerogel me {Si~LML},
or pasc
TMOS 1 catal, H o
air then H, )

Si0; xerogel- x "M"

prepared containing a bifunctional ligand or substituent which bears a silicate ester (as shown) or
an (alkoxy)silyl functional group. Addition of 1 to a conventional sol-gel synthesis of silica
xerogel from tetramethylorthosilicate, TMOS, water, methanol and/or DMF or THF, and an acid or
base catalyst gives a silica xerogel in which the dopant molecule is covalently attached to the
xerogel matrix. Thermal decomposition of this doped xerogel under reducing or
oxidizing/reducing conditions affords a silica xerogel containing a nanophase substance.

The bifunctional ligands used in this study include the commercially available thiols,
HS(CH3)3S8i(OMe)3, HSR, and HSCH;SiMc(OEt)2, HSR', and the phosphines,
PPha(CH2)2S1(OMe)3, LA, PPhy(CH2)2Si(OE)3, LB, and PEty(CH2)2Si(OEt)3, LC, which were
prepared according to literature procedures [3).

The molecular precursors, 1, were prepared using published procedures or procedures
reported for the preparation of analogous thiolate or phosphine complexes. These compounds
include; Ag{SR’] oligomer {4}, CuLB3CI (5], Os(n® - p-cymene)LACI3 6], cis-PtLA;Cl; {7],
(HO)3SiCCo3(CO)g [8). NiLBj4 [9], Fe(CO)4LA [10}, Me3GeSR (11], and trans- Pt(SnPh3)LC,
[12}.

Conventional sol-gel recipes were followed in the syntheses of the molecularly doped silica
xerogels {13]. The xerogels were formed at room temperature using aqueous HCI as the acid
catalyst or aqueous ammonia as the basic catalyst. Stoichiometries for the molar ratio of TMOS to
molecular dopant complex varied from 4:1 to 100:1. Product xerogels were washed several times
with alcohol prior to air drying.

Conversion of the molecularly doped xerogels to nanocomposite materials was accomplished
by placing the powdered xerogel into an alumina boat. Such samples were then introduced into a
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quartz tube placed inside of a tube furnace. The atmosphere within the tube was controlled by
gaseous flow of the appropriate gas. Temperatures wese measured by an internal thermocouple.
Specific thermal conditions are described below.

RESULTS AND DISCUSSIiON

, : . |  metal

The synthetic conditions used for the formation of silica xerogels containing nanoclusters of
Ag. Cu, Os, or Pt are shown in equation (2). TEM micrographs of typical samples of these
nanocomposites are shown in Figure 1. The metal nanocluster features are highly dispersed
throughout the xerogel matrix. For each sample, the presence of crystalline metal phase is
confirmed by electron diffraction ring pattems. Other crystalline phases are not evident. EDS
analysis reveals the presence of silicon and the appropriate metal in each sample and, within the
limits of detection, the absence of any residual S, P, or Cl that was contained in the precursor
complex. Histograms of the respective metal particle sizes taken from TEM images indicate
monomodal particle size distributions having the following diameters (average, range). Ag (53, 30
- 120 A); Cu (24, 15 - 35 A); Os (27, 10 - 70 A); P1 (38, 20 - 80 A). XRD analysis of the Ag, Cu.
and Os nanocomposites confirms the presence of crystalline metal phases with volume-weighted
average particle diameters of 125 A for the Ag nanoclusters and 55 A for the Os nanoclusters. The
presence of a small fraction of relatively large metal clusters presumably accounts for the larger

Si10, xerogel - x Ag Si0, xerogel - x Cu
air (600C, 1h)
H, (600 C, 3 h)
H, (600 C, 5 h)
Si0O, xerogel - (AgSR'), Si0, xerogel - (CuL®.Cl),
{AgSR, CuLB?,C1
Si:Ag Si:Cu
100: 1 NH; () NH; () /" 1911
{Si(OMe); + H,O (xs) + MeOH &/or DMF or THF | )
100: 1 . A 2\ 100: 1
OsMP-p-cymene)LACl, PiLAClL,
Si0, xerogel - [Os(arene)LACl,], Si0, xerogel -(PtL*,Cl,),
air (700 C, 2 h)
H, (900 C, 0.5 h) H, (700 C, 1 h)
Si0; xerogel - x Os Si0, xerogel - x Pt
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Figure 1. TEM micrographs of silica xerogel nanocomposites containing Ag (upper left), Cu
(upper right), Os (lower left), or Pt (lower right) nanoclusters.
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particle diameters as determined from XRD peak widths. XRD peaks of the Cu nanocomposite are
oo broad to give particle size measurement. A small amount of crystalline copper phosphide,
Cu3P, is also evident in the XRD scans of the Cu nanocomposite indicating that all of the
phosphorus had not been eliminated from the precursor xerogel during reductive thermal
decomposition. XRD analysis of the Pt nanocomposite is in progress.

In recent work by others, Gacoin and coworkers prepared Ag nanoclusters (41,5 - 120 A)ina
sol-gel matrix using bifunctional ligands with reduction of Ag* ions being induced by y - radiation
{14]. Listecki and Pileni formed Cu nanoclusters with diameters of 14 - 35 g by solution
reduction of copper ion in reverse micelles [15]. The formation of Os particies from the thermal
decomposition of silica-supported Os3(CO)j2 has been reviewed by Psaro, et al, [16]. Chaudret
and coworkers produced Pt nanoclusters of 12 or 15 A average diameter in nitrcoellulose or
cellulose acetate, respectively, by solution reduction of a precursor compound of Pt [17].

N mpasi inj 1 f semicon

The synthetic conditions used for the formation of silica xerogels containing nanoclusters of
CCoj, FeaP, NigP, or Ge are shown in equation (3). TEM micrographs of typical samples of
these nanocomposites are shown in Figure 2. The nanocluster features are highly dispersed
throughout the xerogel matrix. For each sample, the presence of crystalline nanophase material is
confirmed by electron diffraction ring patterns. Although the ring pattern for the cobalt carbide
nanocomposite revealed the presence of some amount of crystalline Co304, the other three
nanocomposites appear to be pure. The single crystallinity of the CCo3 and FeaP (syn-

Si0; xerogel - x CCo;, Si0, xerogel - x Fe,P
H, (500 C, 2 h) H, (900 C, 0.5 h)
Si0, xerogel - [SiCCo5(CO))x Si0, xerogel - (Fe(CO),L* 1,

(HO);SiCCo4(CO),

Si:Co\_ NHj;(aq)

4:1
[SiOMe); + H,0(xs) + MeOH/DMF (xs)] 3)
lS(‘)r;h NH; (aq) HCI (aq) Si:Ge
"/ NiLB, Me,GeSR 0:1
SiO, xerogel - (NiL%,), $i0, xerogel -(Me;GeSR),
air (600 C, 0.5 h)
H,(750C,3h) H, (600 C, 1 h)
H, (900 C, 0.5 h)
SiO, xerogel - x Ni,P Si0, xerogel - x Ge
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Figure 2. TEM micrographs of silica xerogel nanocomposites containing CCoj3 (upper left), Fe)P
(upper right), Ni2P (lower left), or Ge (lower right) nanoclusters.
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parringerite) particles was detcrmined by successtful interpretation of electron diffraction spot
patterns obtained from single particles. Also, TEM micrographs of individual FeaP particles
haviig the correct orientation reveal hexagonal projections consisient with this hexagonal phase.
and at high magnification TEM images of individual Ge particles show fringe patierns. EDS
analysis reveals the presence of silicon and the other elements expected from the appropniate phase
in each sample. Within the limits of detection, the EDS spectrum of the Ge nanocomposite
revealed the complete absence of sulfur. Microanalysis of the CCo3 nanocomposite gives a SiCo
atomic ratio of 4.7/1.0. Microanalytical daia for the Ge nanocomposite is consistent with the
approximate composition of "(8i02)15Ge”

Histograms of the respective particle sizes taken from TEM images indicate monomodal particle
size distniobutions having the tollowing diameters (average, range): CCo3 (255 X - 460 A); FepP
(47. 20 - 80 A); NigP (26, 15 - 40 A); Ge (95, 35 - 155 A). XRD analysis of the CCos, FeaP,
and Ge nanocomposites confirms the precence of the appropriate crystalline phases with volume-
weighted average particle diameters of 100 A for the FesP nanoclusters and 68 A for the Ge
nanoclusters. Presumably, the Fe2P nanocomposite contains a small fraction of relatively large
crystalline particies of FeaP, while the Ge nanocomposite contains a relatively large fraction of
small, highly crystalline Ge particles. The XRD spectrum of the CCo3 nanocomposite reveals a
predominant CCo3 crystalline phase and the presence of crystalline Co304. XRD analysis of the
Ni2P nanocomposite is in progress.

Micro-Raman analysis of the Ge nanocomposite shows a sharp Raman signal centered at 301
cm-! corresponding to the phonon frequency of microcrystalline Ge (Figure ). The FWHM ol
this peak of 13 +0.5 cm™! is consistent with Ge microcrystals having diame.ers of approximately
60 :{.L Similar Raman signals have been reported by Fujii and coworkers for Ge nanoclusters
formed by rf co-sputtering methods [ 18].

Intensity

1 I N
200 250 300 350 400
Wavenumber { cm } )
Figure 3. Micro-Raman spectrum of the Ge nanocomposite :*.owing the phonon band of Ge.

In work reported by others, Fox and coworkers have found that CCoj is an effective methanol
reforming catalyst {19}, and thermal decomposition of cobalt oxo clusters containing

(0C)9Cc3CCO, fragments as ligands has been used by Wolf and coworkers to prepare
hydrogenaiion catalysts [20). Fujii and coworkers report that Fe,P is paramagnetic and exhibits
ferromagnetsm at temperatures below 217 K [21]. Particles of Fe;P have been used by Seeger
and coworkers as an ink in the fabrication of integrated curcuits [22]. NizP is commercially
available as a chemical reagent, and Sharon and coworkers report that it has a band gap of 1.0 ev
[23}]. In recent work, Paine and coworkers have prepared nanocrystalline Ge embedded in SiO»
by a hydrothermal oxidation and subsequent hydrogen reduction procedure {24].
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Nanogereposite contiining bimetallic nanoclusters

Very preliminasy results support the hypothesis that the metal core composition of a bimetallic
precursor molecule can be used o control the elemental composition of a resulting nanophase
material. As shown in equation (4), a Pt-Sn molecular precursor can be covalently incorporated
into a silica xerogel using bifunctional phosphine ligands. Subsequent reductive thermal treatment
gives a4 nanocompusite containing an apparent mixture of Pt-Sn nanophases. A typical TEM
micrograph of this nanocompuosite is shown in Figure 4. Nanocluster features are dispersed
throughont the xerogel matrix as particles having diameters in the range of 60 - 175 A. The
particulate features show cither hexagonal or more spheroidal projections.  Electron diffraction ring
patterns confirms the presence of several Pt-Sn phases including the hexagonal PiSn 1:1 phase
eniggliite). Electron diffraction spot patiemns obtained from a single hexagonal nanocrystal confirm
the presence of this PtSn hexagonal phase. Reduction at 750 C gives a less complex ring pattern
and is consistent with the presence of PiSn and possibly a PtSnyg crystalline phase. EDS analysis
of this nanocomposite reveals Si, Pt, and Sn with no evidence of residual phosphorus from the
nolecular precursor. More judicious choice of thermal reductive conditions might give selective
formation of the more unstable PtSny phase. The use of 1:1 PYSn molecular precursors to give
selective formation of the hexagonal PtSn nanocomposite is currently under investigation.

1 - PULY)5(SnPhy),

Si(OMe), = SiO, xerogel - [Pt(L")x(SnPhy),],
H-0 & THF ii xs
HNO; catal. H, (900 C, 2 h) (4)
Si: Pt = 30: 1

Si0; xerogel - x 'PtSn”

Figure 4. TEM micrograph of a "PtSn" nanocomposite showing hexagonal PtSn nanocrystals.
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In work by others, Sinfelt has reviewed the importance of Pt - Sn bimetallic catalysts for
reforming processes [25], and Koel and coworkers have reported the use of PUSn surface alloys in
catalytic reactions with acetylene [26). An electron microdiffraction study of Pt-Sn-alumina
reforming catalysts has been published recently by Srinivasan and coworkers {27].

CONCLUSIONS

Covalent incorporation of neutral precursor molecules into a silica xerogel can be accomplished
through the use of bifunctional ligands or substituents and conventional sol-gel synthetic methods.
Thermal decomposition of these doped xerogels under reductive or oxidative/reductive conditions
gives nanocomposites containing nanoclusters of a guest phase dispersed throughout the silica
xcrogel matrix. In some cases, the nanophase matenal is obtained as smaller and more uniform
particles than those prepared by related synthetic methods. The elemental core composition of the
molecular precursor provides some degree of synthetic control over the elemental composition of
the nanophasc material. Nanoclusters of Ag, Cu, Ge, Os, or Pt are obtained from thiolate or
phosphine precursor complexes. Nanoclusters of CCo3, FeaP, or NizP are obtained from metal
carbonyl or phosphine precursors using solely reductive thermal conditions. The formation of
these latter nanophase substances indicates that this synthetic method might find application in the
synthesis of nanophase materials that are difficult to prepare by other methods. A preliminary
report on the use of this synthetic method is available {28].
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MOLECULAR PRECURSORS TO FUNCTIONAL MATERIALS

NORMAN HERRON‘. DAVID L. THORN AND RICHARD L. HARLOW
The DuPont Company, Ceatral Research and Development, P.O. Box 80328, Wilmington, DE
19880-0328

ABSTRACT

The design of molecular precursors to materials for catalysis will be described. Aluminum
fluoride is an important catalytic material for fluorocarbon transformations which are key to the
production of CFC alternatives. Catalytic activity is closely related to the crystalline phase of the
bulk AIF3 and we show how this phase chemisiry can be preciscly controlled using molecular
precursors 1o produce pure known phases and also to extend to previously unknown phases. A
similar approach to vanadyl phosphate oxidation catalysts will be described where cluster
chemistry can be invoked to generate isolated fragments of a catalyst’s structure and then used
cither to explore mechanism or be used as precursors to functional catalyst materials. The
underlying themes of controlied molecular precursor synthesis, resultant processability and
eventual easy conversion to useful materials are emphasized throughout.

INTRODUCTION

The journey from isolated small molecule to extended bulk solid is a trek which crosses several
traditional scientific disciplines and, therefore, materials in the intermediate size regime have
received less attention than perhaps they merit. The realization that these intermediate materials
have unique properties of their own has spurred synthetic chemists to turn more attention to the
construction of molecular precursors and their subsequent conversion into larger assemblies and
extended bulk solids. One early examplie of this approach has been the proliferation of sol-gel
based ceramic synthescs where a molecular material such as tetraethylorthosilicate has been used as
the fundamental building block to construct a macroscopic material - in this case silica - by simple
chemical transformation. Molecule-based routes to functional materials offer the possibilities of
new mechanistic understanding of their functionality and perhaps rational control over bulk
properties. Equally important is the potential for exploiting new uses for traditional materials by
permitiing their production in non-traditional forms or phases and with possibly enhanced
processability.
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OQur approach has been to borrow a concept long-used by organic chemists, the idea of
retrosynthesis. “Given a target inorganic material, how can we design a molecule having the
structural and reactivity features necessary for its eventual assembly into a desired solid-state
structure? Can we leam something about the assembly process itself which may shed light on the
origin of the desirable properties -~ ¢ functional material? Can we use this knowledge to actually
engineer the solid so as to ‘tai’ new, desirable properties?” With these as the lofty goals, this
contribution will briefly descr:. - 0 case-histories from our own laboratory where we have tried
to use these ideas to generate new materials or new understanding of traditional functional materials
from the areas of catalysis (AlF3 and vanadium phosphates).

FLUOROALUMINATE CATALYSTS AND PRECURSORS

Fluorides of aluminum are some of the most important of inorganic materials manufactured since
they find use both as commeodity chemicals [1] (in the aluminum industry) and as catalysts for the
new “ozone benign” chlorofluorocarbon alternatives [2]. In this latter application it has become
clear that the catalytic activity of AlF3 is strongly dependent on the structural phase used [3]. This
has led to extensive study of the phase chemistry of AlF3 and an attendant folklore has evolved
around the phase diagram of AlFj3 itself. Two phases are well characterized - o and P - with
reliable synthetic and structural data available [4,5]. In both cases, the structures are built of
octahedral [AlFg] units where all of the fluoride ions are corner-shared. The patent literature is
repleat with a litany of other less-substantiated claims to additional phases ( e.g. ¥, 3, €) which may
represent either impure materials or mixtures of the better characterized phases [2,6]. With this
background, we began to explore the phase chemistry of AlF3 - applying the retrosynthesis
strategy described above. As our molecular precursors, we wished to explore isolated
fluoroaluminate salts which could then be thermally transformed into AlFj itself. In order to
achieve this latter goal we decided to investigate organic cation salts of the form MTAIF; (where
M is an organic cation) so that simple thermal degradation could release the equivalent of MF as a
volatile species leaving behind AlF3. On commencing this work we quickly discovered that the
literature described no examples of the tetrafluoroaluminate anion which is implicit in these salts.
Rather, all fluoroaluminate materials reported to that point existed as corner-shared octahedral
[AlFg] species and this is true even for those materials with stoichiometries which superficially
appear to contain the [AIF47] anion (MAIF4, M=K, Rb, NHy4, T1 [7]). We set out to explore the
existence of salts of organic cations with true tetrahedral isolated AlF4” anions and to investigate
their utility as precursors to AIF3 catalysts.

Reaction of trimethylaluminum or aluminum di(isopropoxide) acetoacetic ester chelate with the
HF .pyridine adduct in a ratio of AL'F 1:4 was performed in pyridine solvent in a plastic container
under an inert atmosphere [8). The strongly exothermic reaction deposits a white material which is
essentially insoluble in all common solvents. The microcrystalline solid has the stoichiometry
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[pyridine-H]"'.AlF{ and is produced in close to quantitative yield. MAS.'9F nmr. (broad
peak at § = -155ppm) suggests that the solid consists not of wetrahedral {AlF4"] specics but rather of
the ubiquitous [AlFg) octahedral species and therefore implies extensive fluoride bridging
consistent with the low solubility. This solid may, however, be rendered soluble in either
acetonitrile, methylene chloride or methanol by metathesizing the pyridinium cation [8) to any of a
number of other cations such as N(CH3)4*, P(Ph)s*, As(Ph)st, 2,4,6-urimethylpyridinium
(collidinium), 1,8-bis(dimethylamino)naphthalenc H* (proton sponge, PS (Aldrich)). All of these
materials (and other related cation species) can be prepared and crystallized [8,9] and all have been
shown (by x-ray single crysiallography) to contain the previously unconfirmed AlF4 tetrahedral
anion as an isolated species. Figure 1 depicts the crystal structure of the PSH* salt and lists some
of the important structural data.
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Figure 1a). Molecular structure of the salt PSH.AIFRg". Al-Fy,_ = 1.62(3)A; F(1)-H(1) = 2.77A.
b) 27A1 (78.31MHz) and 19F (282.78MHz) n.m.r. spectra of PSH*.AIFy” in d>-acetonitrile.




The accompanying 27 Al and 'F nmr spectra of the PSH* material dissolved in acetonitrile
categorically confirm the existence of the tetrahedral anion in solution while M.A.S 'F n.m.r.
shows a single very sharp peak at 8 = -187ppm which turns out to be characteristic of the
tewrahedral anion in the solid-state. In all cases, it appears that the tetrahedral anion has little or no
propensity for interaction with the organic cations via. hydrogen bonding. This is in stark contrast
to octahedral [AlFg) species which almost always become involved in hydrogen bonding or
bridging to avoid terminal fluoride species [8].

This wealth of new organic salts of AlF4” permits the investigation of their thermal
“decomposition” into AIF3 via. loss of the organic cation fluoride equivalent as represented in (1).

MAIF; - > MF + AlF3 )
Our intent was that the MF species would be “volatile” at moderate temperatures and would thereby

allow production of AlF3 at unprecedentedly low temperatures - perhaps allowing the preparation
of hitherto unknown, metastable phases.

100 — pyHAIF, 1001 N(CH3)4AIF; —
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Figure 2. TGA curves of a) pyridinium.AIF4 b) N(CH3)4AlF;. ¢) B-NH4AIF4 (Run in N3 at a
ramp of 10°C/min. Stoichiometries calculated from weight changes are indicated on the curves).



Beginning with the original, insoluble pyridinium salt, TGA reveals two weight loss events as
temperature is raised. Between 100 and 200°C pyridine is lost quantitatively leaving a matenial of
stoichiomewry HAIF;. At 325°C a clean, abrupt evolution of HF from this material leaves pure AlF,
with no further weight changes up to 900°C (Figure 2a.). At this point XRD reveals it to be phase
nure a-AlF3 with no contamination from any other material including Al203 (any phase). The new
material HAIF4 (nominally a solid acid but chemically does not appear to act as such) is crystalline
as revealed by XRD (Figure 3a) and the structure is, as yet, unknown, The XRD pattern of the
AlF3 produced immediately after evolution of HF from the HAIF4 material at 325°C (Figure 3b)
reveals a major crystalline phase reminiscent of the known pyrochiore materials AlFx(OH)3.x
(0.4<x<2.07) [10] and FeF; [11]. Pure AlFj having this structure has never been reported and so
we have refined this structure using XRD data and Reitveld techniques. The new phase is
designate.’ . 4JF3 and the structure refines very well in the pyrochlore model. The structure is
depicted ir: Figure 4a and can be viewed as a relative of the established f—AIF3 phase having the
same nanoporous openings defined by corner-shared rings of six {AlFg] octahedra. However,
where the B-phase has these openings aligned along [001] of the crystal forming straight channels,
the 1-phase has adjacent rings tilted with respect to each other producing an undulating channel
along {110) of approximate diameter 2.6A. This undulation is imposed by the other key structural
feature of the n-phase - the presence of clusters of four tetrahedrally-disposed [AlFg] octahedra.
Three fluoride ions from each of the four octahedra of the cluster are corner-shared to the other
three octahedra of the cluster.

20
Figure 3. XRD patterns (Cu radiation) of a) HAIF; b) n-AlF; c) 8-AlF3 d) x-AlF3.



Figure 4. (a) Stereodrawing of the —AlF; structure (polyhedral representation) looking nearly
parallel to the [110] direction to show the channels which run through the crystal. Bond length: Al-
F, 1.803(1) A. Bond angles: cis F-Al-F, 89.8(1)° and 90.2(1)°; Al-F-Al, 141.3(1)°. (b)
Stereoview of a single “layer” (polyhedral representation) of 8-AlF3 emphasizing the 4 and 5 rings
of the linked [AIFs} octahedra. The Al-F bond lengths range from 1.738(5) to 1.862(2) A; the cis
and trans F-Al-F angles are all within 3° of 90.0 and 180.0, respectively; the Al-F-Al angles vary
from 140.2(2) to 180.0°.(c) Single layer polyhedral representation of the structure of x-AlF3
(layers are fused perpendicular to this view by means of Al-F-Al linkages).




When the organic cation is N(CH3)4 " [9] the thermal behavior is quite differcat (Figure 2b). The
single weight-loss event at 450°C corresponds exactly to loss of the equivalent of N(CH3)4F. The
product AlF3 at 450°C has an XRD pattern (Figure 3c) with a major crystalline phase which could
not be matched to any previously known structural phase of AlF3 {12]. This new tetragonal phase
of AlF3 is designated the 6-phase and its structure was refined by combined XRD and neutron
powder diffraction analysis. The structure is depicted in Figure 4b and again consists of comer-
shared [AlFg] octahedra. The unit cell has 4 independent Al and seven independent F atoms
assembled into rings of 5, 4 and 3 [AlFg] octahedra. The 5-rings form an undulating 3-D
interconnected channel system around tetrahedral clusters of four [AlFg] octahedra - this latter
feature being identical to that found for the n-phase described above. The microporous nature of
this new phase is similar to that of the B-AlF3 and n-AlF3 phases.

The appearance of the material HAIF; in the preparation of 11-AlF3 was intriguing and we sought
to prepare macrocrystalline samples for crystallography. One approach which suggested itself was
to attempt 1o dissolve the pyridineH*.AIF; precursor material into some high boiling point solvent,
heat it in an inert atmosphere to boil out the pyridine and allow the HAIF4 material to crystallize
from the cooled solution. One solvent which proved viable for this approach was formamide which
was an excellent solvent for the pyridinium salt. Heating to 180°C, a concentrated solution of
pyridinium salt begins to boil and fizz vigorously whereupon a clear solid begins to precipitate. On
cooling, a copious white precipitate forms and may be collected for XRD. The solid is
microcrystalline but the XRD is unlike the expected HAIF4 phase. After detailed TGA (see Figure
2c¢), chemical and XRD analysis it was clear that the material was in fact of stoichiometry NH4AIF,
formed via. antack of the fluoroaluminate upon the formamide solvent itself in a manner similar to:

pyridineH AIF4 + HCONH; - > pyridine + CO + NH4AIF, (2)

However, the XRD pattern was unlike that previously reported for this ammonium salt [6] and
detailed Reitveld analysis reveals the struciare 1o be a new B-phase of this material. The structure is
a layered motif wherein sheets of comer-linked [AlFg] octahedra are connected to form 3, 4 and 5
rings in a motif identical to that depicted in Figure 4c. Between these layers reside the ammonium
cations. While similar to the known a-phase [6] (in that the structure is composed of sheets of
cormner -shared [AlFg) octahedra sandwiched with ammonium ions) the connectivity within the
sheets is very different. The regisiry between sheets is also different and overall, the structure is
very similar to the B-phase structure of RbAIFs [13]. TGA of this new phase shows a single
weight loss event at 350-400°C corresponding to loss of NH4F (Figure 2c) and the product AlF;3
has an XRD (Figure 3d) which is clean and is again a new phase which we designate x. Detailed
Reitveld analysis of the powder diffraction data reveals a structure which is depicted in Figure 4c.
This structure is derived from the precursor ammonium salt by retaining ti:e layer connectivity but
climinating ammonium fluoride from between the layers, bringing the layers into perfect registry
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and then fusing the layers together via. Al-F-Al linkages. This is therefore referred to as a
pseudotopotactic transformation in that the layer structure of the precursor is maintained. The
structure has linear channels running through the crystal comprised of S, 4 and 3 rings of comer
shared [AlFg) octahedra.

Surface areas for the three new phases (from BET nitrogen absorption) are ~58, 64 and
19mZ/gm for 7 ,  and x-phases respectively. Detailed, in sit, XRD studies of all of the known
and new phases make it clear that the a-phase is the thermodynamically most stable, the B, 1, 0
and x phases do not interconvert amongst themselves but rather all convert to a in the 600-700°C
regime. It is further clear that the phase of AlF; produced in any given synthesis is apparently
dictated by the temperature of synthesis but more especially by the nature of the precursor from
which it is made. In our cases, we find that the intermediacy of a HAIF4 phase seems to be
required for production of the n-phase. The 6-phase can be produced from almost any
decomposable organic cation which cannot proceed through a discrete HAIF4 phase. Finally, the
x-phase is only formed in the pseudo-topotactic transformation from the new -NH4AIF, phase.

These new phases are now in the process of being tested catalytically for a wide variety of
fluorocarbon transformations to determine what, if any, correlations can be made between
structure/surface arca and reactivity.

VANADYL PHOSPHATE MATERIALS

The partial oxidation of n-butanc to maleic anhydride is a remarkabie and commercially important
example of heterogencously catalyzed oxidation chemistry [14]. The catalyst preferred for this
transformation is vanady!l pyrophosphate (VO)2(P207) or VPO and while it is used commercially
its mechanism of action is still a subject of much research [15]. In particular, this catalyst is known
to use lattice oxygen atom species for incorporation into the organic molecules and the form and
method of insertion of these oxygen atom species is of acute interest as is their method of
regencration from molecular oxygen. As with many catalyst materials, the exact method of
preparation is critical to a high activity and sclectivity material. We have adopted the molecular
precursor approach to VPO to serve a dual function 1) as a method for controlled preparation of
processable, dispersible or modified catalyst materials and 2) as a method for generating small, yet
identifiable, pieces of the bulk VPO lattice and using these to probe the structure/reactivity
characteristics of the catalyst itself.

The structure of VPO itself as a phase pure crystalline material is depicted schematically in Figure
5. Key structural features include the presence of dimeric (VO); units which lie in sheets and are
coordinated by O of the pyrophosphate groups. The pyrophosphate groups lie roughly
perpendicular to the sheets and link sheets together. The vanadyl groups from consecutive sheets in
the structure are in approximate registry and the vanadyl oxygen atoms from each pentacoordinate
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Figure §. Schematic representation of the bulk VPO structure emphasizing connectivity (for a
detailed description of the crystal structure see ref [15]).

vanadium coordinate weakly into the sixth coordination site of the vanadium in the next adjacent
sheet. Finally, the dimeric (VOY); units are surrounded by eight-membered rings of -VOPOVOPO-
linkage. Questions abound about the functioning of this material and a vast pool of data exists to
address those questions [15]. In this brief description we shall only consider one molecular species
which models some of the structural features of VPO and which can be considered as a processable
molecular precursor to ‘VPO-like’ species. This work is ongoing and this short description should
be viewed as a progress report.

Taking vanady] tris-isopropoxide and diethylphosphate with a minimum of acetonitrile solvent
under an inert atmosphere rapidly converts the originally yellow/orange mixture to a blue/green and
eventually generates a deep blue solid mass from which crystals form on standing. X-ray structural
analysis of these crystals reveals that they are composed of a remarkable trimeric molecular cluster
which engenders several key structural features of VPO itself, Figure 6a. The neutral cluster
possesses three (VO) units where the vanadium is in the +4 oxidation state. Since the starting
reagent is a vanadium +5 species, the reaction has led to internal reduction of the vanadiom and
concurrently some of the co-product isopropanol has become oxidized to acetone (detected by ly
n.m.r.). This is an example of the oxidizing power of phosphato co-ordinated vanadium 5+
species and may be related to the active surface species in functioning VPO catalysts. The isolated
vanady] groups are coordinated exclusively by phosphato oxygen atoms in a cyclic ring built
exclusively of the eight-ring motif mentioned above. Perhaps most intriguing is the “re-entrant”
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Figure 6 a) Crystal structure of the (VO)3((EtO);PO2)s.CH3CN with the ethy! groups omitted
for clarity (the central O makes contacts of 2.765(3)A with the other 2 V atoms) and b) TGA trace
of its thermal decomposition in N».

nature of one of the vanadyl oxygen groups [lG].lnordawsaﬁsfyd\cappmmdesireofmeV""‘
species for a ligand in their sixth co-ordination site the trimer has tumed one of its oxygen
atoms into the cluster interior so that it may interact with the other two vanadium sites. In so doing
this vanady! group exposes its own sixth coordination site to the molecular exterior and this Lewis
acid site is coordinated by solvent acetonitrile. The V=0--V interaction is reminiscent of the
interlayer connectivity of VPO itself (Figure 5). The cluster is very soluble in acetonitrile and
exhibits interesting e.p.r behavior wherein a 22-line signal is detected at room temperature
indicating that the unpaired electrons are delocalized over all three vanadium sites in the cluster
(17).

Taking this solid material and heating in nitrogen in TGA reveals the expected weight losses for
cvolution of acctonitrile, ethanol and dicthylether in successive steps at ~80°C (acetonitrile) and
~300°C (ethanol fragments) (Figure 6b) leaving a material of the stoichiometry VO(PO2)2. XRD
reveals that our material is the same phase as previous preparations of this material (18] although
ours is a lower temperature route to it and potentially provides a route for dispersion onto high
surface area supports. Catalytic testing of this product in butane oxidation shows low but
detectable activity for the pure material. The loss of acetonitrile at such a low temperature suggests
also that the original trimeric cluster can be readily “activated” to generate a Lewis acid site at the




Lewis acid site at the V2 site and investigations of the role of such sites in the surface chemistry
of VPO with organic molecules can be probed with this molecule.

CONCLUSIONS

Examples from two catalyst material areas have shown the value of a detailed understanding of
precursor chemistry and synthesis in production of new or more versatile materials. The detaiied
examples from the AlF3 arena show how a wealth of new chemistry and catalyst materials can be
extracted from an elaboration of the theme of designed molecular precursors. The brief description
of our newer arca of VPO oxidation catalyst materials reinforces the belief that molecular chemistry
can directly impact materials preparation. Additionally, however, we believe that these same
molecular precursors can begin to find use in augmenting the understanding of how the bulk
materials function - small molecular pieces of extended structures open the possibilities for
traditional solution phase and other small molecule characterizational techniques to be applied to
these problems.
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ABSTRACT

Diamond-like nanocomposite (DLN) and metal containing DLN (Me-DLN) films,
synthesized in a combined process of deposition of carbon-silicon precursor and magnetron
sputtering of a metal target, have been examined by Auger electron spectroscopy, Raman and
IR spectroscopy, nanoindentation and internal stress measurements. The stability of the films
under ion and electron irradiation and thermal annealing has been tested.

INTRODUCTION

The development of a new class of materials, DLN, which consist of random networks
of carbon and silicon have been described previously [1-3]. These materials possess a unique
combination of chemical, mechanical, electronic, and superconducting properties. In this report
we focus on the mechanical and electrical properties and type of carbon chemical bonding in
DLN and metal containing DLN and their stability under irradiation and high temperature
annealing.

EXPERIMENTAL DETAILS

The technology for DLN films has been developing since the end of the 1970s [1]. The
key principles of DLN synthesis are as follows: clusterless initial beams, no collisions between
atoms or radicals in the chamber, optimum initial fragmentation of C-Si precursors into low
C,H,, radicals and SiO, optimum beam energy and low substrate temperature. Several methods
and precursors have been compared, but the best approximation to DLN today remains in films
which are produced in a plasma enhanced co-deposition process on rf hiased substrate from
polyphenilmetilsiloxane [(C,H;),SiO(CH,C¢H,Si0),Si(CH,)] with evaporation of metals or
sputtering of metal targets. The deposition regimes are presented in another paper at this
conference [4]. Film thicknesses were about 1 pm.

The mechanical properties of these films were investigated using a load and displacement
indentation test performed by a nanoindenter. I, all cases sixteen indents were performed on
each sample. The detailed description of these measurements is presented elsewhere [5]. A four
probe test was used to define the surface resistivity. Measurements of the temperature
dependence of the resistance were performed on DLN with Ti electrodes (deposited in 10°T
vacuum) fabricated on (a) sitall and (b) <001> p-Si (p = 5x10" Q-cm). The stress
measuremens were performed using a two laser beam system calibrated by Flexus 2-300. The
difference in substrate curvature was used to calculate the film stress from the Stoney equation
[6]. Auger spectra were taken in an UHV chamber with a 3 keV, 30 mkA electron beam for
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excitation. Standard phase-sensitive detection methods with a 2 V peak-to-peak modufation
voltage were used {7). The sputtering was performed by means of a 4 keV Ar beam. The Raman
and IR spectroscopy experimental setup and results are presented in {4].

EXPERIMENTAL RESULTS
Mechanical Properties
Adhesion

DLN and Me-DLN films showed good adhesion (tested by tape pull) on various metals
and plastics. The rating for tape adhesion per ASTM D3359, Method B were 5B and 3B for
DLN on high density polyethylene and Teflon (tested at Buffalo Testing Laboratories, Buffalo,
NY), respectively. The DLN film afso was used as an intermediate layer to glue the teflon band
to steel by epoxy. High adhesion was proved bcth by pull test and high frequency ultrasound
measurements (tested in Lorex Industries, Inc., Poughkeepsie, NY).

Elastic Modulus and Hardness

Presented in Table I are the elastic modulii (EM) and hardness (H), together with their
1o standard deviation, for DLN and various Me-DLN films. The TiN-DLN and Zr-DLN
materials possess the highest E and H among the films studied. For these samples the ratio H/E
= 0.1. It should be mentioned that standard Knoop measurements show 3-4 times higher
hardness than nanoindentation [8]. The values of EM and H of DLC films obtained by
nanoindentation are in the range 40-130 GPa and 5-15 GPa, respectively, [8,91 which is close
to our experimental data.

Stress

Hard diamond-like carbon (DLC) films possess high compressive stress (usually more
than 1 GPa) {10}, whose origin is still not clear. The stress was found to be dependent on
hydrogen concentration [11] or the energy of ion beam [10]. The internal stress in as-deposited
DLN films is also compressive but in the range of 200-350 MPa. The stress in Me-DLN films
does not depend on sheet resistance (p,) for Pt, Cr, and Pd but for Zr, W, Cu, and Ta it
increases when p, decreases. For example, in the case of Zr-DLN the change in stress from 0
to -1100 MPa corresponds to a decrease in p, from 470 @/ to 4 /3 {5].

Electrical properties

The electrical resistance of DLN films can be varied over 15-17 orders of magnitude,
i.e., from that of wide band-gap semiconductors to that of amorphous metals [2]. Values ofp,
in the DLN films of the present study were found to lie in the range 10'>-10" 0/ 5. The I-V
characteristics of the DLN on p-doped Si showed a strong rectifying effect when a positive
voltage was applied to the film {12]. The independence of the breakdown voitage (600-900 V)
on the film thickness (30-300 nm) suggests that the properties of the Si depletion layer also must
be taken into account.




Table 1. Sheet resistance, efastic modulii and hardness of as-deposited films.

Material Sheet Elastic Standard Hardness Standard
Resistance Modulus Deviation (GPa) Deviation
() (GPa) (GPa) (GPa)
DLN 10" 84.0 4.0 6.3 0.4
Ti-DLN 90.2 98.9 5.2 8.1 0.7
TiN-DLN 6.0 184.5 19.0 17.7 3.9
W-DLN 8.9 123.5 11.1 9.6 1.6
W-DLN 320.0 86.7 7.0 8.6 1.3
H{-DLN 76.1 109.0 5.9 89 1.1
HfN-DLN 90.1 138.8 7.3 1.3 1.0
Cr-DLN 04 160.5 12.9 8.9 1.4
Zr-DLN 2.8 192.7 8.8 20.7 1.7
ZIN-DLN 69.6 131.7 7.1 9.8 0.6

Thermal stability

Thermal stability is a main problem of amorphous DLC films. In the annealing study of
Grill et al [13] the internal stress of DLC decreased considerably after annealing in vacuum at
390°C but annealing at 440-490°C reduced the stress from 1.5 GPa to practically zero. No
hydrogen effect on the stress change was observed in this report. Probably this stress reduction
is related to an sp® to sp® transformation. The lengths of the C-C bond in sp® and the C=C
bond in sp? are 0.154nm and 0.142nm, respectively. According to Koidl et al [14] the thermal
decomposition of a-C:H is caused by a loss of chemically bonded hydrogen and resulting
dangling bonds rearrange by forming sp? bonds. Graphitization is reflected in the changes of the
DLC properties, particularly the drastic increase of the electrical conductivity (two orders of
magnitude at 350°C in [14]). For comparison, thermal annealing in air (2 hrs at 350°C + 2 hrs
at 400°C) decreased the DLN stress by 10% and by 25% after 1 hr annealing at 500°C in

Table I1. Electrical and mechanical properties of annealed Me-DLN films.

Material Sheet Elastic Standard Hardness Standard
Resistance Modulus Deviation (GPa) Deviation
(/0 (GPa) (GPa) (GPa)
Cr-DLN 0.4 145.3 7.4 7.0 0.7
TiN-DLN 6.0 179.7 17.2 18.0 3.9
Zr-DLN 24 168.6 12.4 17.1 3.4
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influence of thermal annealing

in vacuum (1 hr at 400°C + 1 hr at 500°C) on p,, EM and H of some of the Me-DLN films
presented in Table I. The sheet resitance, p,, of the studied films remained relatively constant
as did EM and H of the TiN-DLN film. However, the EM and H of the Cr-DLN and Zr-DLN
films decreased by 10-15%.

Stability to irradiation

Pd-DLN films with room temperature p,=3, 5, 10 and 500 ©/0 were studied by means
of AES. In Fig. 2 we present the differentiated carbon KLL (C-KLL) AES of the 3 0/ sample
(a) as-deposited, (b) after ion etching and after electron beam exposure for (c) 10 min, (d) 180
min, () 240 min and (f) 300 min. Complete AES data of these and some other films will be
published elsewhere [15]. For comparison purposes Fig. 3 shows the AES data of (a) natural
diamond, (b) flame synthesized diamond, (c) graphite and (d) DLC obtained by Ravi et al (16].
One can see that the carbon on as-deposited Pd-DLN is in a graphite state. Argon sputtering
creates considerable change in the fine structure of the C-KLL spectrum which appears to be
very similar to flame synthesized diamond and consists of a mixture of sp’ and sp’ with sp’
dominant. During long time exposure to electron irradiation the C-KLL peak transforms back
1o the graphite-like structure. That is, the intensity of the fine structure peak located at a lower
energy increases over the peak closest to the primary C-KLL peak. Following ion sputtering
restores again "more diamond" appearance. In our experiment the spot from the ion beam is
considerably bigger than that of electron beam so the sputtered surface not exposed to electron
irradiation remained unchanged. It is well known that under ion or electron irradiation as well
as thermal annealing graphitization of diamond and DLC films occurs (17]. Pd-DLN films have
showed increase in sp*/sp? ratio, i.e., the opposite behavior under ion bombardment. Research
is ongoing to determine the role of argon sputtering. The evolution of the C-KLL spectra under
electron irradiation is probably caused not by radiation damage but electron stimulated growth
of the carbon layer on the film surface (vacuum in the chamber was 5x10%-5x10° T). This
conclusion is supported by the complete disappearance of the peaks of other elements (Pd, Si,
0) present in the Auger spectra after a long exposure to electron irradiation {15].
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Fig. 2 The C-KLL spectra of (a) as- Fig. 3 AES spectra of (a) natural diamond,
deposited Pd-DLN, (b) after ion etching and (b) flame synthesized diamond, (¢) DL.C and
after electron exposure for (c) 10 min, (d) (d) graphite.

180 min, (e) 240 min and (f) 300 min.

DISCUSSION

The obtained data can be explained on the basis of the following model. The DLN
structure is composed of two random networks tied with weak Van der Waals forces: a carbon
network, mainly in the form of sp® "diamond-like bonds” and a silicon "glass-like" network.
This results in a purely amorphous structure. No Si-C bonding has been detected by FTIR,
Raman, XPS or other techniques. The C-network is chemically stabilized by hydrogen and the
Si-network by oxygen. These networks form an ideal matrix for the introduction of additional
atomic or molecular species. Indeed, Raman spectroscopy measurements for both DLN and Me-
DLN (metal: W, Zr, Pt) films showed the same broad peak centered at 1500 cm™ typical for
diamond-like carbon [4]. Also, no additional peaks in the FTIR spectra were observed in Me-
DLN compared to pure DLN. An XPS study of Zr-DLN films established that no carbidization
occurs after annealing at 400° C and no change was found on Zr-DLN IR spectra after annealing
at 600°C {5]. These results probably support the idea that metallic atoms are placed in the matrix
nanopores. Therefore, the implantation of a soft metal increases the hardness of relatively hard
DLN without formation of carbides. The qualitative picture of mutual stabilization of
interpenetrating atomic-scale filaments is presented in [2). In such a structure the special
thermodynamic properties of the mesoscopic forms of carbon come into play, i.e., the critical
size of the graphite nucleus is 39 atoms and while that of diamond is only 14 atoms. Therefore,
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the multi-network DLN structure prevents graphite formation even at high temperatures while
the sp® bonded clusters can be formed at relatively low temperature.

CONCLUSIONS

Amorphous DLN materials possess a unique combination of high E and H, low stress and
good adhesion to various substrates. The addition of soft metal increases both E and H of the
initially hard matrix. In contrast to diamond and DLC, argon sputtering increases the sp’/sp’
ratio and thermal treatment increases the electrical resistance. Data obtained are explained as a
result of multi-network formation which prevents graphitization under various treatments.
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ABSTRACT

We have prepared GaP and GaAs nanoclusters from organometallic
condensation reactions of E[Si(CH3)3]3 (E = P, As) and GaCl3. The size of
the as synthesized clusters is 10 A to 15 A. Larger clusters of 20 A t0 30 A
size were obtained by thermal annealing of the as grown material. X-ray
diffraction and transmission electron microscopy confirm the high
crystalline quality. A lattice contraction of 6.7% could be seen for 10 A
sized GaAs clusters. The clusters are nearly spherical in shape. Optical
absorption spectra show a distinct line which can be assigned to the
fundamental transition of the quantum confined electronic state. The
measured blue shift, with respect to the GaP bulk absorptiou edge is 0.53
eV. As the cluster is smaller than the exciton radius, we can calculate the
cluster size from this blue shift and obtain 20.2 A, consistent with the
results from X-ray diffraction of 19.5 A for the same sample.

INTRODUCTION

[I[-V semiconductor nanoclusters have attracted growing interest in
recent years because of their structural, electronic, and optical
properties.[1]  Clusters in the size regime of a few nanometers show a
crystalline structure, their electronic properties, however, are very
different from those of bulk semiconductors.[2] The quantum confinement
of the charge carriers leads to distinct electronic levels, having an energy
higher than the bandgap of the bulk material (blue shift). Due to the long
coherence length of the charge carriers in semiconductors, e.g. an excitonic
Bobr radius of 124 nm in UaA,, 'he Jectronic and optical properties are
strongly influenced by the cluster size.[3] The behaviour of quantum
confined systems has been studied in semiconductor quantum wells, wires,
and dots, fabricated by molecular beam epitaxy and electron beam
lithography.  Studies on nanoclusters, down to a few nanometers, have
been done mostly with I-VI semiconductors.[4] There are few reports on
the synthesis of III-V semiconductor clusters.[5-8] This study focuses on
the synthesis, and thz structural and optical properties of III-V
semiconductor clusters in the 1 nm regime.
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EXPERIMENT

We have fabricated GaP and GaAs nanoclusters using the organo-
metallic condensation reaction:

GaCl3 + P[Si(CH3)3]3 ---- n-GaP + CIS(CH3)3

Synthesis of GaP: GaCl3 was dissolved in acetonitrile (MeCN) and
P(SiMe3)3 was added, immediately producing a yellow solution. The
reaction was heated to reflux for 16 hrs, producing an orange turbid
solution. The solvent was removed to yield an orange solid, which can be
redissolved in acetonitrile. Synthesis of GaAs: As(SiMe3)3 which was
prepared via a published method,[9] was suspended in MeCN and GaCl3
was added resulting in the immediate formation of a yellow-orange
precipitate. The reaction mixture was heated to reflux and filtered to give
a reddish solid. The alternate use of diethyl either as solvent yielded a
orange solid. Thermal annealing was performed under dynamic vacuum.
Outgassing was observed and the samples darkened in colour
proportionally to the annealing temperature. X-ray diffraction
measurements were performed with a Siemens D 5000 diffractometer with
aCuKa source (1.54 A) using a curved germanium monocromator to obtain
an instrument resolution of 0.03 deg, combined with the high intensity
necessary for small powder samples. The samples were contained in a
sealed cell with beryllium window.

RESULTS AND DISCUSSION

We have used X-ray diffraction to determine the lattice constant and
the cluster size. III-V semiconductors have a Zincblende structure. The
strongest diffraction peaks are [111], [220], and [311}. The latter two
strongly overlap if the linewidth exceeds a few degrees. Figure 1 shows a
X-ray diffraction spectrum of a annealed GaP cluster sample with the
(111}, [220], and [311] reflections marked. The sharp lines are caused by
the beryllium window and the sapphire plate which holds the powder in
place. It should be noted that there are no diffraction peaks indicating
other crystalline phases, e.g. of oxides. The effect of annealing the clusters
is shown in figure 2, comparing as grown GaAs clusters with an annealed
sample. Note the strong shift in the peak position. The as grown GaAs
clusters of 9 A size show a lattice contraction with a lattice constant 6.7%
smaller than the bulk one, whereas the annealed, larger clusters of 32 A
size have the bulk lattice constant, similar to clusters grown by molecular
beam epitaxy.[10] This shows the effect of surface tension. The cluster
size was determined by a Warren-Averbach analysis and using the
Scherrer formula. No correction for particle shape was done. As shown in
table 1, the values obtained by both methods agree. As synthesized
material and samples annealed at lower temperatures (350 C or below)




exhibit a Gaussian lineshape, a sign of a narrow size distribution. Samples
annealed at higher temperature, such as the GaAs annealed at 500 C a
more Lorentz type lineshape.
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Figure |: X-ray diffraction spectrum of annealed GaP nanoclusters with a
size of 19.5 A.
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Figure 2: X-ray diffraction spectra of as synthesized 9 A GaAs nanoclusters
(bottom) and 32 A GaAs clusters annealed at 500C (top).
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Table 1: Lattice constant and cluster sizes of GaP and GaAs nanocrystallites

In order to obtain a verification of the crystallinity and the size of
the clusters we performed transmission electron microscopy.  Figure 3
shows a cluster of annealed GaP. The lattice planes can be clearly seen.

Figure 3: TEM image of a GaP nanocluster with a larger size.
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Measuring a number of clusters, we obtain a typical size of 19 A, a
maximum size of 23 A and a minimum size of 15 A, confirming the narrow
size distribution suggested by the Gaussian X-ray lineshape. The clusters
have a nearly spherical shape, and they appear to be only weakly faceted.
A thin shell covering the crystalline cluster can be seen in figure 3. As the
clusters were prepared by a chemical reaction in a solution, the residual
reaction products, Cl and Si(CH3)3, can chemically bond to the surface.
saturating the dangling bonds which a bare surface would have. This
surface layer seems to prevent the oxidation of the clusters. This effect is
similar to efforts to coat II-VI semiconductor clusters.{11]

We have performed optical absorption measurements using an UV-
visible absorption spectrometer. The as grown material, GaP and GaAs,
showed an absorption edge blue shifted with respect to the bulk. but
without distinct structure. The annealed GaP exhibits a distinct line in the
absoption spectrum, that can be assigned to the lowest electronic level
caused by the quantum confinement of the charge carriers; see figure 4.

*
5
GaP bulk '

[
£ 4
.
3-—
2 1 T l i 1 |
2.0 2.2 2.4 2.6 2.8 3.0 3.2

Energy (eV)

Figure 4: Optical absorption spectrum of GaP nanoclusters (same material
as in figure 1). The GaP bulk absorption edge is.included to show the blue
shift.

This spectrum is similar to absorption spectra reported for I1-VI
semiconductor clusters.{12] We measured the position of the absorption
line as 2.80 eV, resulting in a blue shift of 0.53 eV with respect to the bulk
absorption edge at 2.27 eV. As the cluster size is smaller than the
excitonic Bohr radius, we can use the following equation for 3- dimensional
charge carrier confinement:{6,13]
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This results in a cluster size of 20.2 A, in good agreement with the X-ray
diffraction and the TEM results. Note that the blue shift is a sensitive
function of the cluster size. From the width of the absorption line we can

estimate a cluster size distribution from 17 A 10 23 A.
CONCLUSION

We have shown, that GaP and GaAs nanoclusters can be fabricated by
organometallic synthesis with high crystalline quality in the size regime !
10A to 30A. They seem to be coated with a chemically bonded shell of the
residual reaction products, inhibiting oxidation.  Calculating the particle
size from the measured blue shift of 0.53 eV using the function for 3-
dimensional charge carrier confinement gives 20.2 A. consistent with the
structural measurements.  This gives clear experimental evidence for a
quantum confinement of carriers in these GaP nanoparticles.
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THE CONTROL OF DNA STRUCTURE AND TOPOLOGY: AN OVERVIEW
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ABSTRACT

The control of structure on the nanoscale relies on intermolecular interactions whose
specificity and geometry can be treated on a predictive basis. DNA fulfills this criterion, and
provides an e..tremely convenient construction medium: The sticky-ended association of DNA
molecules occurs with high specificity, and it results in the formation of double helical DNA,
whose structure is well known. The use of stable branched DNA molecules permits one to
make stick-figures. We have used this strategy to construct in solution a covalently closed
DNA molecule whose helix axes have the connectivity of a cube: The molecule has twelve
double helical edges; every edge is two helical turns in length, resulting in a hexacatenane, each
of whose strands corresponds 10 a face of the object. We have developed a solid-support-based
synthetic methodology that is more effective than solution synthesis. The key features of the
technique are control over the formation of each edge of the object, and the topological closure
of each intermediate. The isolation of individual objects on the surface of the support eliminates
cross-reactions between growing products. The solid-support-based methodology has been
used to construct a molecule whose helix axes have the connectivity of a truncated octahedron.
This figure has 14 faces, of which six are square and eight are hexagonal; this Archimedean
polyhedron contains 24 vertices and 36 edges, and is built from a 14-catenane of DNA.
Knotted molecules appear to be the route for cloning DNA objects. It is possible to construct
three knotted topologies, as well as a simple cyclic molecule from a single precursor, by control
of solution conditions. Control of both branching and braiding topology is strong in this
system, but control of 3-D structure remains elusive. Our key aim is the formation of
prespecified 2-D and 3-D periodic structures for use in diffraction experiments. Another
application envisioned is scaffolding for the assembly of molecular electronic devices.

CONTROL OF STRUCTURE ON THE NANOMETER SCALE

All scientists who devise new formulations of matter would relish structural control on
the molecular scale comparable to that enjoyed by craft workers on the macroscopic scale.! The
ability to join, couple or weave two molecules together to produce a structure with the same
certainty enjoyed by a carpenter, a plumber or a garment worker, would increase greatly the
efficiency of materials scientists, chemists, and molecular biologists. These ends have been
sought by chemists on the molecular (Angsn‘om) scale for years; new arrangements of atorns on
this scale sometimes produce new chemical properties, due to subtle features of the charge
density distribution in the product. Chemists have learned that it is not as straightforward to
create structures from molecules as it is from macroscopic objects: They must rely on intrinsic
propensities of precursor molecules, because there are no nails, screws, or threads available to
form bonds between atoms. Furthermore, the laws of physics do not permit all conceivable
arrangements of atomic nuclei to produce stable compounds; for example, carbon-carbon bonds
050r1.8A long are not available as structural components. Nevertheless, when they are
successful, chemists generate products in parallel on a scale that is almost unimaginably vast in
the macroscopic world: Reactions involving a gram of a simple compound of molecular weight
600 generate roughly 102! produci molecules.

The nanometer scale is used by biological systems to build their structural components.
The globular protein components of the microtubules and microfilaments that form the
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architectural basis of the cell are typically a few nanometers in dimension. The nanometer scale
appears to be the smallest macroscopic scale, in that there are no evident principles that prevent
the fabrication of any structurai arrangements not forbidden by the impenetrability of matter. Of
course, care must be taken to avoid unfavorable interactions, such as the juxtaposition of like
charges. Likewise, it is important to remember that the large number of molecules involved in
nanoscale systems are subject to the laws of chemical equilibria: Target structures must be
sufficiently favorable that byproducts do not result2, It is easier to fashion new structures
derived from biological components on ti:¢ nanometer scale, because the components can
associate by means of weak interactions, s.uch as hydrogen bonds and van der Waals forces,
rather than by covalent bonds. On this scaie, it is unlikely that new chemical properties will
arise, because the chemical features of the constituent residues are already fairly well fixed.
However, the re-orientation and juxtaposition of well-defined macromolecular elements can lead
to new functionality on this scale. In much the same way that a given piece of metal can be
fashioned to form a paperweight, a key, a spring, or a chair without altering its internal
structure, new functions can be derived from new shapes on this scale. Indeed, Medawar has
suggested that the evolution of new kinds of biochemicals predates the divergence of plants and
animals3; nevertheless, the reorganization of the existing biochemicals has led to the diversity of
eukaryotic life.

Self- Assembly s a R N Scale G .

It is most natural to imagine assembling structures piece by piece, in the same way that a
house or an automobile is built. The movement of atoms by scanning tunneling microscopes
(STM) exemplifies this top-down approach to nanotechnology; the constructions of a corporate
logo?® and an atomic switchS by these techniques are dramatic examples of this methodology.
These top-down methods enjoy the advantage of lacking undesirable cross-reactivities between
the large numbers of components found in a chemical reaction. Nevertheless, the efficiency of
top-down methodology for interfacing with the nanometer scale is inherently low: A single
STM is used by an individual investigator to construct one object.

The structural components in biological systems often self-assemble spontaneously. In
fact, self-assembly appears to be the most effective means for achieving structural goals on the
nanomete: scale. In self-aussembling systems, complementary surfaces form cohesive
structures. Microtubules and microfilaments are examples of nano-scale systems that self-
assemble to grow in one-dimension, and the capsid proteins of simple viruses form self-
assembled two-dimensional (icosahedral) surfaces. Many biological macromolecules can be
induced to self-assemble into three-dimensional crystals, although these are not common within
the cell. Complementary surfaces are the key common elements in each of these processes.

We have exploited the self-assembly properties of DNA. The complementary nature of
DNA structure makes it ar ideal molecule to use in nanoscale construction. We have used
branched DNA molecules to form stick-polyhedra, and we have exploited the self-
complementary features of single-stranded molecules to form a variety of krotted molecules.
We will show below that by means of a solid-support-based synthetic methodology, it is
possible to combine self-assembly with molecular isolation on the nanometer scale to achieve
the level of control characteristic of the top-down approaches: We have been able to assemble
DNA molecules whose helix axes have the connectivity of a truncated octahedron.

DNA Molecules Self-Assemble

For the past decade, we have used the self-assembly of DNA molecules as a convenient
way to achieve control over the structure of matter on the narometer scale. DNA is the
molecule that offers the most predictable infermolecular associations known. The double helical
molecule invariably forms in compliance with the complementarity rule that adenine (A) pairs
with thymine (T) and that guanine (G) pairs with cytosine (C). The biotechnolegy industry is
predicated in part on the reliability of this type of association. Other forms of association are
possible in the absence of complementary partners, but complementarity appears to prevail if it
is one of the competitive alternatives. Under conventional conditions, the product of this
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association is a right-handed double helix approximately 20 A in diameter with a pitch about 34
, containing about 10 nucleotide pairs per tum. Two DNA molecules with single-stranded

overhangs, called 'sticky ends’ will cohere, and can be linked covalently by DNA ligasesS.

DNA Can Be a Branched Molecule

The apparent drawback to engineering DNA molecules for structural purposes is that
naturally occurring DNA is a lincar molecule, in the sense that its helix axis is unbranched.
Thus, the ligation of linear DNA corresponds to the concatenation of line segments that can
produce longer lines, circles or knots. However, DNA need not always be linear. It is possi'
to design synthetic sequences that self-assemble to form branched molecules called ‘junc
Junctions are designed by minimizing the sequence symmetry of the strands and maximizu.
Watson-Crick base pairing of the target complex, so that the branched structure will actualiy
form under convenient solution conditions’-5.

The sticky-ended ligation of DNA fragmentsS is the fundamental reaction of biotechnology.
The combination of branched DNA molecules with sticky ends provides building blocks that
can be assembled” into multiply-connected stick-figures and networks!0. All the edges of these
figures consist of double helical DNA. Thus, one can imagine designing and building complex
structures from branched DNA molecules. The concept of self-assembly among branched
molecules is illustrated in Figure 1, which shows a 4-arm junction with sticky ends arranged to
form a quadrilateral.

A
N B

B

I

B
Figure 1. Formation of a Qua.irilateral from a Junction with Sticky Ends. A is a sticky end and A" is
its complement. The same is true of B and B’. Four of the monomers on the left are complexed in
parallel orientation to yield the structure on the right. DNA ligase can close the gaps left in the
complex. The complex has open valences; it could be extended to form a 2-dimensional lattice by the
addition of more monomers.

Connectedness

A key concept in the assembly of DNA stick-figures is connectedness'0, which is the
number of edges of a closed object or a lattice that meet at a vertex; the number of arms of the
junction at a given vertex limits the maximum connectedness of that vertex. Thus, 3-connected
objects and lattices can be built with 3-arm junctions, and 4-conne :ted structures can be built
with 4-arm junctions. Junctions with 3-6 arms have been constructed and characterized?:11.12,
It is important to recall, however, that the assembly of individual objects into larger constructs,
such as clusters and periodic arrays, requires junctions containing arms that can be used for
connections between objects. For example, Figure 2 shows two periodic arrays. The one on
the right is a 6-connected array corresponding to the edges of space-filling cubes, which are
themselves 3-connected objects. The array on the left is the 5-connected space-filling array
formed by 4-connected octahedra at the corners of 3-connected truncated cubes. Each of these
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lattices is shown acting as a host for a guest macromolecule.

Figure 2. Five-Connected and Six-Connected Networks Acting as Hosts for Macromolecular Guests. The
simplest conceptual network, the 6-connected cubic lattice, is shown on the right side of this drawing.
Macromolecular guests, represented as shaded kidney-shaped objects, have been added to four unit cells. Note that
if the guests are all aligned in the paralle] fashion shown, the entire material will be a crystalline, and it will be
possible to determine the structure of the guests by crystallography.

MOLECULAR ASSEMBLY USING BRANCHED DNA COMPONENTS

In practice, junctions are flexible over the 1-100 hr periods used for ligation11.13, It is
reasonable to expect the short double helical edges of each object to be torsionally and flexurally
stiff, because the persistence length of DNA has been estimated to be between 450 A and 2500
Al1415 However, the ‘valence angles' between the double helical edges of each object are not
fixed. When a 3-arm or 4-arm junction is oligomerized to yield oligolaterals with two helical
turns between branch points, it forms a series of cyclic products: trimers, tetramers, pentamers
and so on!1.13. Thus, the angles flanking 2 DNA branch point are variable, in contrast to the
local geometry near a covalently bonded atom. Hence, a junction is more closely analogous to
an octopus, whose flailing arms are separated by a variety of angles, than to a starfish, whose
arms rarely appear to deviate substantially from pentagonal symmetry.

Although their flexibility implies that oligomerization of individual junctions is unlikely
to be a useful way to generate target polygons, unique sticky-ends can be used to direct the
assembly of particular junctions into target structures. We have tested this approach by
assembling a specific quadrilateral from four branched DNA molecules!6. The sticky ends on
each junction are unique, so the process is directed synthesis, rather than olizomerization.

The C ion of a Platonic Solid. 2 DNA Cut

The most exciting prospects for this system entail the assembly of multiply-connected
objects in 3-D. We have exploited the flexibility of branched DNA to construct from 3-arm
junctions a molecule whose helix axes have the connectivity of a cubel?. A schematic of the 3-
dimensional, 3-connected nbject is shown in Figure 3. The object is shown as a cube, but the
angles between the edges are uncharacterized. It contains 12 edges that consist of double helical
DNA. Whereas every edge contains 20 nucleotide pairs of DNA, we expect that their lengths
will be about 68 A. Each of the edges contains a unique site for recognition and cleavage by a
restriction endonuclease, thereby enabling us to establish the validity of the synthesis. The
synthesis of the cube-like object has been demonstraied by breaking it down to standard
catenanes!8 whose electrophoretic properties are known,

There is an integral number of turns in each edge, so every face of the cube corresponds
to a single cyclic strand. Therefore, the object in Figure 3 is 2 complex catenane of 6 single-




stranded cyclic molecules, each doubly linked to its four nearest neighbors. The catenated
nature of the strands in Figure 3 highlights an important point about double helical DNA: The
braiding of the strands about the helix axis is a critical structural and topological property of any
DNA molecule. For example, the strands in the cube can be separated from nicked failure
products by electrophoresis under denaturing conditions, because the catenane holds together,
but nicked molecules separate into individual strands!?. The twisting of DNA strands about
each other implies that closed structures will be complex catenanes, and materials constructed
from this medium can contain polycatenated mesh substructures, much like chain mail.
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Figure 3. A DNA Molecule Whose Helix Axes Have the Connectivity of a Cube. The molecule
consists of six cyclic strands that have been catenated together in this particular arrangement. They are
labeled by the first letters of their positions, Up, Down, Front, Back, Left and Right

The synthesis of the cube was performed in solution. This led to numerous problems,
arising from the combination of (i) the flexibility of the branched junctions, (ii) the difficulty of
separating products from catalysts, reactants and byproducts, and (iii) the differences between
the optimal concentrations for intermolecular addition reactions and for intramolecular
cyclization reactions. Control of DNA ligation in solution derives solely from the ability to
phosphorylate sticky ends in a selective fashion. This is insufficient control for the synthesis of
complex objects, so we have developed a new methodology that is more effective!.

This procedure is based on the use of a solid support, which permits convenient
removal of reagents and catalysts from the growing product. Each ligation cycle adds a
component that creates a covalently-closed, topologically-bonded intermediate. This feature
permits exonuclease digestion of incompletely ligated edges, thereby purifying the growing
object during synthesis. A single edge of an object can be formed at a time. Control derives
from the restriction endonuclease digestion of hairpin loops that form each side of the new
edge. The isolation of growing objects on the support also removes the problem of cross-
reactions between growing product molecules. Sequences are chosen to destroy restriction sites
when the edge forms. In principle, the component added to the growing construct can be a
junction, a polygon, a group of polygons, a polyhedron, or an array of polyhedra.

In order to analyze the solid-support methodology, we have constructed a truncated
octahedron from DNAZ20. This Archimedean solid contains six squares flanking its four-fold
symmetry axes, and eight hexagons that surround its 3-fold symmetry axes. There are two
turns of DNA per edge, so each of the 14 faces corresponds to a single cyclic strand. Thus, the
final object is a complex 14-catenane. The truncated octahedron is a 3-connected figure, but the
molecule has been constructed from 4-arm junctions; thus each vertex is associated with another
arm that could be used to join polyhedra, although this has not been done. The extra arms are
all hairpins within the strands that correspond to the square faces. The entire molecule contains
2550 nucleotides, and has a molecular weight ca. 790 kd.
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In this construction, the objects added to the support are squares and square groupings,
as indicated in Figure 4. The figure contains six squares and eight hexagons. The object has
been constructed by doing two intermolecular additions to a square attached to the support. In
the first addition, a tetrasquare complex is added, and in the second addition, the final square is
added. The structure on the lower left of Figure 4 is a heptacatenane hexasquare complex. The
square strands are already intact in this construct, and the hexagons are all formed from the
outer strand. The hexagons result from successive intramolecular closures of the sticky ends
associated with the restriction enzyme site pairs, $1-§1'...87-S7". Whereas the molecules are
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Figure 4. The Syathetic Scheme Used 1o Synthesize the Truncated Octahedron. The boxed diagram
in the upper left indicates the numbering of individual squares. Each square in the rest of the diagram is
shown with its restriction sites indicated. Symmetric restriction sites are named 'S', indicated in pairs,
with one member primed; restriction sites cut distally are named 'D’. Arms that will eventually
combine 10 form edges are drawn on the outside of each square, and exocyclic arms are drawn on the
inside of the square. A reaction is indicated by a line above a restriction site: This means that the
restriction enzyme is added, protecting hairpins are removed and then the two sticky ends are ligated
together. The product is shown in two forms. On the left, the $1-S6 closures are shown as triple
edges, to emphasize their origins; the two strands of the edge formed by the S7 closure are separated 10
maintain the sy y of the pi On the right, a slightly rotated front view of a polyhedral
representation of a truncated octahedron is shown without the exocyclic arms; the 432 cubic symmetry
of the ideal object is evident from this view.

isolated from each other on the support, it is possible to expose this group of sticky ends
successively by using symmetrically-cleaving restriction enzyme pairs that recognize six
nucleotide pairs each. Although the initial sites are destroyed after ligation, four-base cutting
sites remain, for analytical purposes. The final step in the synthesis involves releasing the
structure from the support and annealing it shut with a hairpin. The synthesis is demonstrated
in two stages: First, by showing that all six cyclic strands corresponding to the square
molecules are in the heptacatenane, and second, by digesting the final product to the
tetracatenanes that flank each square. This second stage of proof has been performed for five of
the squares, but the molecule lacks restriction sites for square #6.

SINGLE-STRANDED KNOTS: THREADING DNA

An intimate relationship exists between catenanes and knots2!: Removal of a node by
switching strands, yet maintaining local symmetry and strand polarity (sometimes called
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forming a zero node), converts a catenane to a knot, and a knot to a catenane (Figure 5). This
relationship is important here, because it appears that cloning these DNA structures will be most
readily achieved by getting single-stranded DNA molecules to fold up into complex knots,
whose restriction will lead to the desired stick figures22. It is not possibie to clone branched
structures directly, because a single round of replication will reduce a branch 1o linear duplexes.

WP =W

Knot

Figure S. Interconversions of Knots and Catenanes by Switching Strands at a Node. The structure shown
on the left is a 51 knot. The strand direction is indicated by the arrowheads appearing along the strand.
When the two strands entering the lower node ou the right exchange outgoing partners, the node disappears,
and a 'zero node’ is introduced?!. This convens the knot 1 a catenane, shown in the middle; the two linked
cycles are drawn so as to retain their shapes, but they are drawn with pens of different thicknesses. The lower
left node of the catenane undergoes a strand switch, and the structure is converted to a trefoil knot, illustrated
on the right. The trefoil knot is one strand, so it is drawn with one pen.

Nevertheless, it is possible, in principle, to make an entire structure from a single strand, as
illustrated for a dodecahedron in Figure 6. The key to this strategy is to add an extra external

Figure 6. A Single-Siranded Repr ion of a Pentagonal Dodecahedro.;. A pentagonal dodecahedron is
illustraied with twelve exocyclic arms, in a Schlegel diagram. This is a 2-D representation of a 3-D object in
which the central polygon is closest (0 the reader, the polygons removed from the center are distorted and further
behind in the page, and the outer polygon is at the rear of the figure. The Schiegel diagram of the dodecahedron
is shown in the thickest lines. Flanking these are lines that represent the double helical DNA corresponding to
each edge of the dodecahedron. Each of the twelve pentagons contains an exocyclic double hclical arm, with one
strand terminating in an arrowhead, indicating the 5'-->3' polarity of the strand. In addition, each of the
individual faces has been connected to a neighboring face through the exocyclic arms and very thin connecting
strands, so that the entire representation is a single long strand. The structure shown woulkd i1 i:: be cleaved in
order to fold. Each exocyclic double helical segment would contain a restriction e, 1w ver it from
connecting DNA upon formation of the structure. No topological representation is made ere: connccting DNA
lies behind the polygonal DNA for clarity.

arm for every strand; for molecules whose edges only contain an integral number of helical
tums, this corresponds to an extra arm per face. The external arms are connected to form the
complex knotted structure shown. The sequence of suck a single-stranded molecule could be
cloned. Whereas one needs external arms on a polyhedral structure to form a lattice, the target
structure will have restrictable external arms.

We have :xplored the possibilities for threading knots experimentally. A DNA molecule
can be synthesized containing the sequence X-T-Y-T-X'-T-Y'-T, where X and Y
correspond to one helical turn, X' and Y' are their Watson-Crick complements, respecus- ly,
and T is dT, linker. When cyclized, the strand yields a trefoil knot with negative nodes (3;°.
because the nodes formed by ordinary right-handed B-DNA correspond to negative topological
nodes23. However, there is a left-handed form of DNA, Z-DNA24, that is formed by special
sequences, under the control of solution conditions23. One can choose for both X and Y



sequences capable of forming Z-DNA under different conditions. Figure 7 shows that mild Z-
promoting conditions will produce an amphichiral figure-8 (4,) knot (in methylated DNA),
containing two positive nodes and two negative nodes, but strong Z-promoting conditions

Y

X {_ X'  SINGLE STRAND

Y

LIGATE IN THE
PRESENCE OF LINKER

24
BaM Mg
3ImM CoNH3g'

O & @ &

CIRCLE TREFOIL KNOT (-) FIGURE-8 KNOT TREFOIL KNOT (+)
3 4 3
Figure 7. The Synthetic Scheme Used to Produce Four Target Topologies. The wp of this scheme
indicates the molecule from which the target products are produced. The four pairing regions, X and its
complement X', Y and its complement Y are indicated by the bulges from the square. The 3’ end of the
molecule is denoted by the arrowhead. The 3" end is between helical domains, and therefore requires a linker
complementary to the 3' and 5 ends of the strand. The molecular topolcgics are shown at the bouom.

2+ P23 2+
SimM Mg e3mM Mg 1omM Mg

will produce a trefoil knot with positive nodes (3;+)26. The circle of the same sequence can be
prepared by ligating in an ionic strength too low to support knot formation. Altering the

Figure 8. The Relationship Between Nudes and Antiparallel B-DNA lllustrated on a Trefoil Knot.
A trefoil knot is drawn with negative nodes. The path is indicated by the arrows and the very thick
curved lines connecting them. The nodes are formed by individual arrows drawn at right angles (o each
other. Each pair of atrows forming a node defines a quadrilateral (a square in this figure), which is
drawn in dotted lines. Double-arrowheaded helix axes are shown perpendicular to these lines. The
twofold axis that relates the two strands is perpendicular o the helix axis; its ends are indicated by
lens-shaped figures. The twofold axis intersects the helix axis and lies halfway between the upper and
lower strands. The DNA shown base paired at cach node corresponds 1o half a double helical turn.

solution conditions after a knot has been closed creates a molecule under stress. In the presence
of DNA topoisomerase I, which lacks an energy source, the molecule will convert to the

topological species most favored by solution conditions27. The shortest knots of a given motif




are likely to contain the greatest amount of stress. We have ascertained that the shortest 3~ and
41 two-domain knots readily made contain about 80 nucleotides, although molecules as short as
70 or 66 nucleotides yield traces of knotted material28,

There is a general relationship between the nodes of DNA molecules and the nodes of
single-stranded DNA knots: A half-tum of duplex DNA can be used to generate a node in a
knot?9.30. Figure 8 illustrates this point with a trefoil knot built from a branched junction. The
three nodes of the knot shown are formed by perpendicular lines, whose polarity is indicated by
arrowheads. The nodes act as the diagonals of a square, which they divide into four regions,
two between antiparallel arrows and two between parallel arrows. The transition from topology
to nucleic acid chemistry can be made by drawing base pairs between strands in the antiparallel
regions. The axes of the helices are drawn perpendicular to the base pairs. A trefoil knot has
been constructed recently from a the branched junction motif3!.

MOLECULAR TARGETS FOR DNA ASSEMBLY
The Di 1A bly of Periodic M.

A key use envisioned for DNA arrays’ is to function as macromolecular zeolites,
serving as hosts for globular macromolecular species, as an aid in crystallographic structure
determination. This application is illustrated in Figure 2. The rate-determining sicp in
macromolecular crystallography is the preparation of adequate crystals. The ability to assemble
periodic arrays of cages that contain ordered guests would help solve that problem. Intracage
orientation might be accomplished through binding the guest by site-specific fusion domains.
The assembly of periodic lattices is likely to be difficult: One can control the synthesis of an
individual object by minimizing sticky-end symmetry, but symmetry minimization cannot be
used to build a crystal, since the lattice inherently contains translational symmetry.

The medical and commercial importance of DNA has resulted in convenient technology
for the synthesis32 and modification33 of DNA. There are also natural mechanisms by which
drugs, particular proteins, or other DNA strands recognize and bind to specific sites on DNA.
These methods may ultimately be used to attach molecular electronic components to DNA
molecules34. The self-assembly of the DNA molecules could thereby direct the assembly of
these other components. We have suggested that a crystalline arra; of this sort could act as a
biochip, in which the DNA plays a structural role34. The scaffolded threading of polymeric
species has also been suggested29.

CONCLUDING COMMENTS

Structure and topology are key properties in DNA molecules. DNA molecules whose
helix axes meet at branch points can be used to construct multiply-connected stick figures. The
construction of a truncated octahedron demonstrates that this type of topological control is now
well in hand. Likewise, achieving the level of control necessary to generate four different
knotted (or unknotted) topologies from a single strand of DNA indicates that braiding topology
is also under reasonably good control today. The next stages in DNA construction are periodic
DNA lattices and more complex knots: The former will enable many applications, such as
diffraction studies and long-range scaffolding, and the latter be useful in cloning structures and
in testing the relationship between half-turns of DNA and nodes in knots. The greatest
stumbling block for the construction of lattices is the lack of rigid junctions with fixed 'valence’
angles. It is possible that the 'bulged’ junctions reported recently by Leontis and his
colleagues33 will be of use in this context. The construction of more complex knots awaits
technologies that can be applied to direct characterization of their topologies. Developments in
scanning probe microscopy36 and optics37 may lead the way in this direction.
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POLYMERIZABLE SELF-ORGANIZED MEMBRANES:
A NOVEL CLASS OF ORGANIC COMPOUNDS

ALOK SINGH, MICHAEL MARKOWTTZ, AND GAN MOOG CHOW
Center for Bio/Molecular Science and Engincering, Code 6900, Naval Research Laboratory,
Washington DC. 20375-5348

ABSTRACT

Molecular Self-assembly of amphiphilic phospholipid molecules (containing a hydrophobic
acyl chain and a hydrophilic phosphate group attached to glycerol backbone) and other amphiphiles
offers a versatile approach to form ordered structures. Stabilization of lipid microstructures by
polymerization renders them useful for practical applications in the areas ranging from controlled
release technology to template mediated synthesis of metals. Our efforts are focussed on the
development and use of polymerizable diacetylenic phospholipids and their microstructures as
template for chemical synthesis. The surface of vesicles and lipid microcylinders (0.5 um dia.) is
made reactive by chemically modifying the hydrophilic region of phospholipids. Lipids with
chemically reactive sites were incorporated into lipid membranes predominantly formed from
charge neutral lipids and used for binding metal ions and growing fine metal panicles.

INTRODUCTION

Multidisciplinary approaches may often provide efficient solutions to technologically
important problems by virtue of maintaining a balance of efforts to address the issues involved.
Synthesis of micron and sub-micron particles, composites, and ordered growth and pattern
formation during crystallization are the examples of successful implications of these approaches [1-
3). In addition, the hierarchical approach (progression in increased complexity) similar to that
observed in nature is getting attention in the fabrication of advanced materials {4] . By combining
these two strategies - multidisciplinary and hierarchical - it is possible to emulate nature's
architecture by designing materials that are optimized for their ultimate functions on every scale,
from molecular to macroscopic.

Phospholipids are amphiphilic molecules, which means that each molecule contains both
hydrophobic and hydrophilic segments. Phospholipids are common building blocks for cell
membranes and fulfill a number of vital basic cell membrane functions [5]. Synthetic
phospholipids, particularly phosphatidylcholines, have received considerable attention because of
their ability to produce a variety of morphologies including vesicles - spherical structures
consisting of an aqueous core surrounded by single or multiple bilayers with dimensions on the
micron to sub-micron scale. Figure 1 shows the structures formed by spontaneous self-
organization of phospholipids in the presence of aqueous medium. The amphiphilic nature of
phospholipid molecules leads them to orient in such a way that the polar headgroups remain in
contact with surrounding aqueous medium while the hydrocarbon segments are segregated from
water. Vesicles have been the subject of extensive investigations because of their usefulness as
models for biological membranes and in the development of applications that utilize their membrane
properties e.g., encapsulation and controlled release, functional incorporation of proteins, and
signal transduction. However, the problem of long term stability of membrane structures restricted
their utility and led to the development of new strategies to stabilize membranes. In particular,
polymerization has emerged as a promising strategy for stabilizing bilayer membranes.
Polymerization strategy is versatile because it stabilizes membranes by crosslinking the lipid
monomers only after they have attained a particular morphology. Other methods reported for
membrane stabilization include the use of proteins, sugars, and cholesterol in the preparation of
lipid mmembranes.

In this article, we will discuss the results of our research efforts which began with
stabilization of vesicles by polymerization. Results obtained during the course of these
investigations have led to the development of reactive membranes that are, a) suitable for carrying
out reactions at the membrane interface as well as inside of the closed bilayer structures, and b)
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easy to modify to achieve transport of ions.
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STABILIZATION OF VESICLES FROM POLYMERIZABLE PHOSPHOLIPIDS:

Use of polymerizable phospholipids in stabilization schemes represents a pristine strategy
for lipid bilayer stabilization because the scheme doesn't rely on the addition of an extra component
to the lipids. The polymerizable phospholipids in monomer form exhibit physical properties that
are similar to their non-polymerizable analogues. The added capability of polymerizable lipid
monomers is their ability to stabilize membranes by crosslinking with their next neighbor lipids {6-
9]. The polymerizable functionalities have been incorporated both in the headgroup region and to
the acyl chains. A variety of polymerizable groups have been tried to achieve membrane stability
{10]. Of all the polymerizable groups, diacetylenic group has been the most studied because of the
thermochromic behavior of polydiacetylenes and ability of diacetylenes to influence membrane
morphology [11-12]. Figure 2 shows the chemical structures of polymerizable phospholipids used
in our vesicle studies.

Polymerized vesicles produced by incorporating methacryloyloxy monomer in the acyl
chain of a phosphatidylcholine (1) and irradiating with UV showed reduced permeability and
enhanced stability against chemical and physical perturbations that included mild ultrasound
agitation, phospholipase A; catalyzed hydrolysis, and freeze drying - redispersion cycle [13,14].
The following method for the polymerized - vesicle preparation demonstrates that the technique is
straightforward and the polymerization step is very simple to follow.



Typically, 2 mg of polymerized pho! 'pholipid (1) was dissolved in chloroform and coated on
the walls of a glass tube with the aid of a stream of nitrogen. Traces of solvent were removed
under vacuum (5 hrs.), and the lipid was hydrated in water (2 mL) which was warmed up in a
water bath (80 oC) for 10 minutes. Vortex mixing produced multilamellar vesicles (vesicles
with many bilayers) which were converted to a clear solution of small unilamellar vesicles by
ultrasound agitation (50 oC) for one hour. The dispersion was then irradiated with ultraviolet
light (254 nm) for 30 minutes to produce polymerized vesicles. The polymerization was
monitored by thin layer chromatography. The polyinerized lipid stayed at the origin of the
TLC plate. The vesicle morphology was confirmed by transmission electron microscopy.

Polymerized lipid membranes were originally thought to be attractive candidates for
pharmaceutical applications e.g., inhibition of fungal growth [15,16]. On the other hand, a large
number of studies are reported concerning non-medical related studies such as, protein
reincorporation, sensors, interfacial interactions and use of vesicles as reaction cages {17-21].
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FEIGURE -2

DIACETYLENIC PHOSPHOLIPIDS MEMBRANES:

Phosphocholine _Membrane: The diacetylenic moiety was incorporaied in the acyl chains of a
phospholipid to stabilize the vesicles by photo-polymerization [7-9]. But, the diacetylenic lipids
turned out to be quite unique since their dispersions from 2 produced hollow cylindrical structures
or tubules (Figure 3) in addition to the vesicles {12,22]. Lipid tubules formed from diacetylenic
phosphocholines have a fixed internal diameter of ~0.5 pm. The length of the tubules is,
however, process dependent. Experimentally, the tubules have been produced by two separate
routes; the liposomal route (thermally grown) and the solution route (solvent grown) using an
alcohol/water solvent system. Both methods have advantages and limitations but, tubule formation
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from ethanol/water is easy, straight forward, less time consuming, and less deper.dent on sample
purity. Two techniques to fabricate tubules are described in the following paragraphs. The simple
operation demonstrates the effectiveness of self-assembling route for making complex structures.

For the preparation of tubules via thermal vesicular route, 4 mg poly-crystalline 2 was
hydrated in 2 mL distilled water by incubating at 50°C for an hour. Lipid was dispersed by
occasional vortex mixing during incubation period. Smali unilamellar vesicles were produced
by sonication at 50¢C using a sonifier with a cup-hotn attachment. Sonication was continued
until dispersion with constant turbidity was produced (usually 45 minutes to one hour). The
small vesicles then cooled down to room temperature and then maintained at 4oC till the
dispersion turned into thick gel. The gel was then slowly heated to above the phase transition
temperature of the dispersion (T, = 43.10C) followed by slow cooling (> 0.5 oC/min) of the
dispersion to room temperature. This cooling cycle produces uniformed sized tubules n
high yield.

'gl‘he second procedure for the preparation of tubule is the solvent method. The diacetylenic
lipid was dissolved in ethanol containing 30% water (concentration 0.5-1.0 mg/mlL). The
turbid solution was warmed to ensure complete dissolution of lipid in the solvent system. The
clear solution was slowly cooled to room temperature. An increase in turbidity indicates the
formation of tubules. This method produces high yields of tubules. Once the tubules are
produced they are stable enough to withstand the dialysis step that follows o exchange
alcohol with water.

A large number of studies have been conducted to understand the mechanism of tubule
formation. Important information on tubule structures was collected by implementing various
techniques including X-ray analysis {23,24] and Raman spectroscopy [25] Reported mechanisms
for tubule formation diun't fully account for all the reported tubule properties [4]. In a recent
report, however, experimental evidence is provided that the tubules are the result of chiral
molecular architecture and that the helices are the common precursor for the tubules prepared by
either technique [26].

For technological applications, it is necessary that the tubules should retain their
morpliological integrity during physical and chemical perturbation. Diacetylenes do not polymerize
efficiently in organized assemblies [27]. Ultra violet irradiation (254 nm) of the tubules (solvent or
thermally grown) cross-linked the diacetylenes available only on the outer surface of tubules as
evidenced by the generation of deep red color due to conjugated polydiacetyienic polymer
backbone. About 60 % monomer phospholipid was recovered from the polymerized tubules by a
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sitsple methylene chloride extraction.  The inefficient polymerization of the tubules forced u search
for “alternate methods of tubule stabilization. The strategy of incorporation of a second
polymenzable group at the end of the acyl chains was implemented successfully. Ta this approach
polymenzation was initiated after the lipid was transformed into tubules [28]. Auternatively, the
stabilization of tubules by coating its surface with metals through electroless metallization proved to
be the best option {29]). This method utilized the ability of quaternary amine of phosphocholine
headgroup to bind the tin-palladium catalyst. The bound catalyst has been used in the metallization
of tubules with a variety of metals including copper, nickel, permalloy, cobalt etc. Metallized
tubules, due io their size and stability, were studied in the interests of developing a variety of
echnological applications [4].

Electroless metallization of tubules with copper was accomplished as follows. To a 2 mL
aqueous dispersion of thermally or solvent grown tubules (from 4 mg phospholipid) an equal
volume of Pd/Sn colloid (MacDermid Co., Waterbury, CT) was added and the contents were
gently mixed. After two minutes, the solution was removed after gentle centrifugation that
sepirated the tubules from the medium. The brown colored, palladium coated tubules were
wasited several times with water. To these tubules 0.1 M HCI was added (pH 4.0) to oxidize
the tin shell aud expose the palladium catalyst. The oxidation was furthe: accelerated by
Lubbling oxygen into the dispersion. The:: S ml. of copper bath Metex 9027 (MacDermid,
containing cupric chloride and a reducing agent) was added. After about three minutes
evolution of gas was observed and the color of the dispersion turned from brown to black.
The reaction was then quenched by repeated centrifugation, removal of supernatant, and
resuspension oi the tubules in water. The metallized tubules are mechanically strong and
withstand freeze drying step with retention of morphological features.

Hydroxyalkanol Membrane; The tubules produced from diacetylenic phosphocholines have two
maujor drawbacks from an application points of view. One drawback was the fixed diameter of
tubules which was independent of both the acyl chain length as well as the position of diucetylene
in the chain {4,10]. The second drawback related to the low quality of metal coating due to the
presence of tin oxide produce during metallization. Also, the acceleration step involved bubbling
of oxygen at pH 4.0 which caused the tubules to break. To overcome these drawbacks we
explored the possibility of designing and synthesizing altemnate materials that wouid form tubules.
We focussed on those diacetylenic lipids that could be produced by adopting simple synthetic
routes.  Phospholipase D mediated transphosphatidylation of lipids is a simple, one step method
that can replace choline (-CHz-CHa-N+Mes) with 2 molecule that contains primary alcohol group.
FFor convenience we replaced the choline moiety with -(CH3),-OH (Figure- 4) [30]. These lipids
produced the wbules in the presence of metal ions while in the absence of metal ion no tubule was
observed. By selecting the appropriate hydroxyalkanol group, metal ion, pH of the dispersion
medium, and the ionic strength of the buffers, Markowitz et al. [31] were able to produce tubules
of varying diameter. The strategy of making tubules using bivalent metal ions was extended to the
use of palladium ion which not only produced the tubule structure but also acted as catalyst for
clectroless metallization. Following this strategy electroless metallization of cobalt, nickel, and gold
was achieved [32,33] (Figure- 5). This metallization method did not metallize charge-neutral
phosphocholines because the palladium ion did not bind o the surface.

Tubule Formarton The lipid tubules were prepared by thermal cycling of the lipid
disperston. A thin film of the lipid 3 was hydrated above the melting transition of the lipid
(SI°C)yin 0.2 M acetate buffer {pH 5.6) containing a small volume of palladium-complex
solutton. The final concentration of lipid in the dispersion was 2 mg/ml. and that of the
palladium complex was | mM. The molar ratio of lipid to metal ion was 2.6:1. The volume
of paliadium complex solution added to the buffer solution was less than 2% of the buffer
solutios The maxture was sonicated at 8(+C for 10 min and then allowed to gradually cool
to room temperature.  The dispersion was kept at 4oC for 3 hrs and then, reheated to 800C
and Kept at ths temperature for 30 nun. The dispersion was then allowed to gradually cool to
room temperature (< I/min) to produce lipid twbules,
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Metallization: The tubule dispersion was dialyzed against water to remove the buffer salt and
excess palladium salt. Cobalt and nickel plating baths were made by dissolving 10 g of the
tetrasodium saft of EDTA and 9 g of NH,Cl in 150 mL of water. To this mixture 6 g
hexahydrate of NiCl, or CoCl; was added. The pH of the resuiting solution was adjusted to
8.2 by dropwise addition of 0.f M aq. NaOH. Four grams of dimethylamino borane
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dissolved in 50 mL of water were then added. The dialyzed tubule dispersion was diluted
with five times its volume of water and then an equal volume of the metal plating solution was
added. The plaling was allowed to continue until hydrogen evolution stopped (about 2
hours) and metallized microstructures settled at the bottom of the bath. The metallized
microstructures were then washed three times with water. For long term storage, the tubules
were washed twice with acetone and were kept stored under acetone.

Mixed Phospholipid membranes; Since the metallization protocol described in the preceding
section doesn't work on charge-neutral lipids, we utilized this property for metallization of
selective sites on lipid surfaces. Vesicles were formed from a mixture of charged and zwitterionic
phospholipids 2 and 3. Palladium ion was then added. The palladium ion was able to bind to the
nezatively charged phospholipid but not to the charge-neutral phospholipid. Addition of a gold
me.al plating bath for electroless plating resulted in the selective metallization of the vesicle (figure-
6) [1.33,34]. Electron diffraction analysis demonstrated that fine gold polycrystalline particles
were deposited on the vesicle surface. It has been observed that the best results are achieved only
it both the negatively charged and charge-neutral phospholipids were polymerized in the
membrane. With vesicles formed from mixtures of polymerizable phospholipid 2 and non-
polymerizable lipid 4, the vesicles were not stable to the metallization procedure. In addition to
phospholipid polymerizability, the headgroup structure of the phospholipid was an important factor
in the metallization of the vesicle. Phospholipids with a stencally unhindered headgroup such as
phosphatidic acid caused uncontrolled metallization while vesicle membranes containing relatively
more sterically hindered phosphohydroxyethanol headgroup were metallized at a manageable rate.
A simple alteration of this system has provided the means to synthesize metal particles exclusively
on the outer or inner side of the vesicles [35] The vesicles were formed in the presence of
palladium ions. As a result, both the inner and outer vesicle membranes contain bound palladium
ion. After removing the palladium ions on the exterior membrane by the addition of the
tetrasodium salt of EDTA, the gold plating bath was added. Because of the polymer boundaries in
the polymerized vesicles, the metal cations were able to diffuse across the bilayer membrane
thereby providing the capability to carry out the synthesis of metal nanoparticles within the
vesicles. Using this strategy, we produced unagglomerated gold nanoparticles within the vesicles
(figure 7) [36].
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SUMMARY

The results presented in this article clearly demonstrate the technological potential of polymerized
membranes New applications evolved while exploring the properties of polymerizable lipids. It
is worth noting that the membrane approach was originally adopted to design and construct
vesicles for controlled release studies. It has finaliy led to the capability to perform chemistry in a
constrained environment and to study nucleation and growth of nanoparticles at membrane
interface.
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SELF-ASSEMBLY OF INORGANIC/ORGANIC MULTILAYER FILMS

ASTRID C. ZEPPENFELD and CATHERINE J. PAGE
University of Oregon, Departement of Chemistry, Eugene, Oregon 97403

ABSTRACT

in order to investigate the influence of substrate functionalization on the subsequent self-
assembly of multilayer films, multilayers composed of alternating hafnium and 1,10-
decanediylbis(phosphonic) acid (DBPA) have been grown on three different substrates.
Substrates studied include gold wafers functionalized with 4-mercaptobutyiphosphonic acid,
silicon wafers functionalized using a hafnium oxychloride solution, and silicon wafers coated with
an octadecylphosphonate LB-template layer. The nature of these films is probed using
ellipsometry and grazing angle x-ray diffraction. These studies indicate that the overall order and
the individual layer thickness can vary substantially from sampie to sampie and depend strongly
on the initial surface functionalization prior to muliilayer growth.

INTRODUCTION

The research effort in the preparation and characterization of self-assembled muitilayer fiims
has increased rapidly in recent years.'® Interest in these materials arises in part from the variety
of physical properties which could be incorporated by rational design and synthesis of such
microstructures. By assembling a material one molecular {or atomic) layer at a time, layers with
conducting, magnetic, luminescent or nonlinear optical properties can be assembled with control
of order and spacing between layers. The advantage of multilayer film synthesis via seit-
assembly compared to other methods lies in the relatively easy, straight-forward preparation
methods and the mechanical and thermal stability of the films due to strong ionic and/or covalent
bonds between the layers.

We are currently investigating hafnium 1,10-decanediylbis(phosphonate) (Hf-DBP) multilayer
films. which are structurally analogous to the prototype zirconium-DBP self-assembied films first
reported by Mallouk and coworkers.”® These films can be prepared by alternate adsorption of
hafnium (or zirconium) ions and bisphosphonic acid molecules from aqueous solutions onto a
substrate bearing an appropriate reactive functionality.

The main objective of this investigation was to study the influence of the substrate and the
initial surface functionalization on the overall quality, reproducibility and structural characteristics
(e.g. thickness and density) of the multilayer films. We therefore used two different substrates,
commercial silicon wafers and very smooth vapor deposited gold substrates. The silicon wafers
were primed with two different "anchor* layers, a hafnium layer and a preassembled octadecyl-
phosphonate Langmuir-Blodgett (LB) template fayer capped with zirconium.®’® The hafnium
functionalization reactior: (using aqueous HfOC!, solution) is not fully understood, although we
presume it involves adsorption of a very thin hydrous hafnium oxide layer (2-8 A by eliipsometry)
onto the native silicon oxide surface of the wafer.'’ This functionalization is analogous to that
reported by Mallouk et al.”? using zirconium oxychloride sofution to functionalize fumed silica
(Cab-o-Sit) for growth of Zr-DBP multilayers. In this case, the authors report that multilayers
grown on the zirconium-functionalized Cab-o-Sil appear to be better ordered and more crystaliine
than Cab-0-Sil functionalized with a silanof phosphonate. in accord with their resuit we have aiso
found that multilayer films are of better quality if prepared using hafnium- or zirconium-
funcrionalized silicon.

The organic LB-template®' on silicon consists of a zirconium-capped octadecylphosphonate
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LB-layer transferred onto a silicon water rendered hydrophobic by self-assembly of a monolayer
of octadecyitrichlorosilane. This LB-template provides a surface layer of zirconium with very low
roughness, high order and consistent density.*'° The gold surface was functionalized with 4-
mercaptobutyiphosphonic acid, an anchor which is reported to give well ordered primer layers
with a high surface density of phosphonate moieties.®

Multifayer films prepared on these substrates were characterized by ellipsometry and grazing-
angle x-ray diffraction. Eliipsometry has been used widely for the determination of layer
thicknesses of thin films,>'>'*'* and also of self-assembled metal-bisphosphonate films.*'’®
However, a main disadvantage of this technique lies in the fact that the correctness of the
calculated film thickness relies on the proper choice of the refractive index for both the substrate
and the film. Unless the substrate is very reproducible (as is the case for silicon wafers), the
refractive index of the substrate has to be calculated for every particular sample from the
ellipsometry parameters A and ¥ of the bare substrate." The main problem, however, lies in the
choice of the refractive index of the multilayer film. Generally, the refractive index of the film is
not known, and is usually estimated to be the same as for the bulk compound. Using the bulk
value for the index in the calculation of film thicknesses implies exactly the same properties
(structure, density etc.) of film and bulk compound, which may not be the case. in addition, slight
variations in the film density from sample to sample, as may result from variations in the
substrate or the surface functionalization, can only be reliably detected if the exact refractive
index of each particular film is known.

The use of grazing angle x-ray diffraction is still rather uncommon in thin film investigations,
although this method allows the direct measurement of multilayer fitm thicknesses and does not
require any assumptions about the properties of the sample.’” This technique is exploited in
these studies to accurately assess film thicknesses as a function of multilayer growth, and to
compare multilayers grown on the substrates described above. We compare ellipsometry
measurements with grazing angle x-ray diffraction in order to assess the refractive indices of our
films.

EXPERIMENTAL

Materials : Hafnium oxychloride octahydrate was used as obtained from Teledyne Wah Chang Albany.
1,10-Decanediyibisphosphonic acid (DBPA) was prepared by the Michaelis-Arbuzov reaction using 1,10-
dibromodecane and triethy! phosphite.® 4-Mercaptobutylphosphonic acid was provided by Prof. Thomas
E. Mallouk (Pennsylvania State University}).® In all experiments deionized water purified 10 a resistivity of
18 MQ+cm with a Barnstead Nanopure || was used.

Substrates and surface functionalization : Single crystal silicon wafers of 76 mm in diameter with
polished 100 faces were obtained from Silicon Quest. Prior to hafnium functionalization the wafers were
rinsed tor 10 min. with trichioroethylene, 10 min. with 2-propanol and 15 min. with ultrapure water. The
wafers were then immersed in a 5 mmolar aqueous solution of HIOCI, aid heated to 50°C for 1%z - 4 days.
The preassembled LB template was provided by Professor Daniel R. Talham and Houston Byrd (University
of Florida).*'® It was prepared by transferring an octadecylphosponic acid monolayer via the LB-technique
onto a with octadecyltrichiorosilane functionalized silicon substrate. An additioral monotayer of Zr** was
then added by self-assembly. The wafers as obtained were rinsed with ultrapure water prior to multilayer
deposition. Flame-annealed gold substrates, prepared by thermal evaporation of ca. 2000 A of gold onto
glass substrates precoated with ca. 20 A chromium, were provided by Dr. Peter Zeppenfeld
(Kernforschungszentrum Jdlich, FRG). The gold substrates were rinsed with methanot and ultrapure water,
then immersed in @ 1 mmolar solution (80% water, 20% methanol} of 4-mercaptobutylphosphonic acid for
72 hrs at room temperature.

Mukiayer deposition : Hi-DBP muiltilayers were grown on the functionalized substrates by alternate
immersion of the waters in a 5 mmolar aqueous solution of HfOCI, for 4-6 trs. and in a 1.5 mmolar
aqgueous solution of DBPA for 6-12 hrs. A 15 min. rinse with ultrapure water was performed after each
immersion step. The dipping sequence was started with the HfOCI, solution in the case of the gold samples
and with the DBPA solution in case of the other samples, in accordance with the respective surface
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functional group of the substrate.

Instrumentation and measurements : Ellipsometric measurements were done with a Rudolt Research
Thin Film Ellipsometer 43603-200E using a tungsten halogen light source, a 632 nm fiker light source and
an incident angle of 70 degrees. Film thicknesses were calculated from the measured A and ¥ values with
a program from Rudolt Research using n = 3.858 - 0.018 i as the refractive index for Si and n = 1.462 for
SiO,. The refractive indices of the gold substrates were calculated for each particular sample from the A
and ¥ values measy” >d for the bare substrate, using standard equations.’

Low angle x-ray diffraction was done on a Scintag XDS-2000 -6 powder ditfractometer using Cu Ka
radiation. The diffraction experiment measures the interference of x-rays reflected from the air-film intertace
and the film-substrate interface. The resulting diffraction patter shows several “beats”, each corresponding
to a ditferent order of interference.'® The position of the beats is given to a first approximation by the
Bragg equation n-) = 2d-sind (d = total film thickness). In order to take into account index of refraction
effects however, the layer thickness is not calculated directly from the absolute peak positions. Instead,
the position sin®0 of each beat maximum is piotted versus n’, the square of the corresponding order. After
a Ime?r regression fit to the data, the layer thickness is obtained from the slope, which corresponds to
(k2/4d ).!7 19

RESULTS

The HI-DBP multilayer growth on goid surfaces was monitored by eliipsometry
measurements. Fig. 1 shows a plot of film thickness versus number of layers for a gold sample
derived from ellipsometry data. The film thickness was calculated using various values for the film
refractive index in the range 1.45 < n¢,,, < 1.60. No matter which value is chosen, the data show
a constant increase in layer thickness after each additional layer added, as can be seen by the
straight lines in Fig. 1. However, the slopes of the lines, corresponding to the average thickness
per layer, depend strongly on the value of the refractive index. An average layer thickness as
high as 23.3 A results when using n;,.=1.45 as reiractive index, whereas a fayer thickness of
18.1 A is obtained when using n;,,=1.60. This example shows clearly the need of an independent
method to determine layer thicknesses. Unfortunately, to date no grazing angle x-ray diffraction
has been detected from the multilayer films grown on gold. This is probably due to the high
critical angle for total reflectance of gold (26.>1°). The muiltilayer film diffraction, which is usually
seen in the region 0.5°< 6 <2.0° is most likely masked by the high intensity of the total
reflectance x-ray beam. Therefore no independent information could be obtained about the exact
layer spacing of the multilayer or about the proper value for the retractive index.

3
00 n=145 0 23.3 A/ layer
n=150 ¢ 211 A s
2507, _ 155 0 195 A
- 'y
Figure 1. Film thickness versus < 200-" =1.60 181 A
number of Hi-DBP layers deposited »
onto functionalized gold determined $ 450
by ellipsometry using various film c
refractive indices (1.45, 1.50, 155, S
1.60). The solid lines are a linear c 10041
regression fit to the data; the slope =
of the straight lines is given in the 50
left corner.
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For the Hf-DBP multilayers grown on silicon surfaces (e.g. on Hf- and LB-template-covered
samples) data from both diffraction and ellipsometry experiments were obtained. Figs. 2 and 3
show the total fiim thickness as derived from both methods plotted versus the number of Hf-DBP
layers. A constant increase in layer thickness with every additional iayer added can clearly be
seen in all plots indicating the regular multilayer growth on these substrates.

The average layer spacing of the muitilayer films is given by the slopes of the straight lines
shown in Fig. 2 and 3. The spacings obtained by x-ray diffraction, which are not dependent on
any assumption about the film properties, are 16.8 Aflayer for the film grown on the LB-Template
and 18.1 Adlayer for the film grown on the Hf-functionalized silicon (Hf-Si) wafer.

400 ra
O y=199x + 156 e
Figure 2. Film thickness versus ® y=197x+ 182 ﬂ‘/
number of Hf-DBP layers deposited 300 Ve
onto Hf-functionalized silicon deter- ' o
mined by ellipsometry (solid squares)
and grazing angle x-ray diffraction 200

{open squares). The ellipsometry
data is fit using a fiim refractive
index ng,, = 1.49, 100
The solid lines are a linear
regression fit to the data; the fit

Thicknes: ()

parameters are given in the left 0 . T :
cormer. 0 5 10 15 20
Number ot Layers
300
Oy=166x + €25

Figure 3. Film thickness versus 2604 ® vy = 16.8x + 6.7
number of Hf-DBP layers deposited —_
on LB-template covered silicon =
deter-mined by ellipsometry (solid @ 2004 .
squares) and grazing angle x-ray 2
diffraction (open squares). The X 4504

. . N . (&}
elipsometry data is fit for a fiim =
refractive index n,,, = 1.57. =
The solid fines are a linear 100+
regression fit to the data; the fit
parameters are given in the left 50 . .
corner. 0 5 10 15

Number of Layers

The layer spac ng calculated from the ellipsometry data depends strongly on the value for the
refractive index as shown above. We therefore fitted the refractive index to give layer thicknesses
which closely match the layer thickness determined by grazing angle x-ray diffraction. In fitting
the ellipsometry data, a close match in the slopes of the x-ray data in the plots of Figs. 2 and 3
{corresponding to the average layer thickness) was attempted rather than a close match to the
absolute values for the ‘ayer thickness. This procedure was chosen because the uncertainty in
the determination of absolute layer thicknesses is considered much higher for both ellipsometry
and ditfraction measurements than is the uncertainty associated with the determination of the




average thickness increase per layer. A close match was found for a refractive index of 1.57 for
the multilayer grown on the LB-template and 1.49 for the layer grown on the Ht-Si.

An average layer spacing of about 16.8 Allayer and a refractive index of about 1.57 for
multilayers grown on the LB-template could be confirmed by tayer experiments on a second L 8-
template substrate. These values are also close to the preliminary values we determined for the
bulk Hf-DBP compound which are 16.7 Alayer and n,.=1.545, respectively. However, multilayers
grown on Hf-functionalized wafers show a substantial variation in layer spacing from sample to
sample. Most layer spacings range between 18 Aflayer and 20 A/layer, although spacings as low
as 15 Aflayer and as high as 21 A/layer have also been observed. However, for all films grown
on Hf-anchored silicon a good match between ellipsometry and diffraction data is always obtained
using a comparatively low refractive index within the narrow range 148 <n.,, <1.50,
independent of the average layer spacing of the particular sample.

DISCUSSION

All layer experiments, done on various substrates and anchor layers, show consistent
incremental layer growth of Hf-DBP multilayers. Thus, the different substrates investigated here
all provide suitable surfaces for uniform multilayer growth. The average layer spacing, however,
is found to be strongly dependent on the initial surface functionalization. Compared to the tayer
spacing of about 16.7 A for bulk Hf-DBP, layer spacings of the multilayers grown on the hafnium-
functionalized silicon are generally iarger (18-20 A). From other studies, the density of
multitayers grown on Hf-Si is estimated to be approximately 75% that of the buik Hf-DBP.'® This
observation is consistent with the observation reported here that the refractive index of
multilayers grown on Hf-Si is consistently lower than that of the bulk (=1.49 of the film
compared to 1.545 of the bulk Hf-DBP).

The large variation in layer spacing observed for multilayers grown on Mf-anchored silicon is
most likely due to variation in the hafnium functionalization of the substrates. In order to
understand and optimize the functionalization reaction we have investigated a variety of reaction
conditions and have characterized functionalized wafers by ellipsometry and AFM microscopy.
These investigations show that the thickness and roughness of the Hf-anchor layer increases
substantially with increasing reaction temperature (>50°C) and reaction time, possibly due to
precipitation of colloidal hydrous hafnium oxide similar to that observed for zirconium oxychloride
solutions.”  Aithough we did not observe any formation of precipitate in our HIOC),-solutions, we
assume that the Hi-anchor layer consists of a rather undefined layer of hydrous hafnium oxide.
Ellipsometry measurements indicate that this layer is generally 2-8 A thick. Properties such as
roughness, thickness and density of this anchor layer are likely to vary considerably from sample
to sample, and may account for the observed variation in layer thicknesses of the multilayer films.

Although no exact layer spacing could be determined for the muitilayers grown on gold, the
value for the refractive index is most likely in the range 1.50 < n,,,, < 1.57, which would yield an
average layer thickness of 19-21 A, which is significantly Jarger than the bulk layer spacing, and
comparable to that ot the multilayers grown on Hf-Si substrates.

A possible explanation for layer thicknesses iarger than the bulk layer spacing could lie in
the tilt angle of the phosphonate alkyl chains, which may differ between the multilayer films and
the bulk material. In bulk Zr-DBP, which should be similar to bulk Hf-DBP, this tilt angle is about
31°with respect to the surface normal."® In this case the phosphonate carbon bond is oriented
nearly perpendicular to the plane of metal ions. A much smaller tilt angle for the multilayer film
would result in a larger layer spacing and could (at least in part) explain the high layer spacings
observed here. A smaller lilt angle would require the bisphosphonate alkyl chain to arient nearly
perpendicular to the plane of Hf-ions, which in turn would preclude binding of all three oxygens
of a phosphonate group to the plane of hafnium ions. Alternative phosphonate-metal binding
involving only two of the phosphonate oxygens has been proposed by Talham and coworkers and
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is reported for some bulk metal phosphonate materials.® Assuming perpendicular orientation of
the alky! bisphosphonate moiety would suggest an individual tayer thickness of =19 A. This layer
thickness is closer to the larger values obtained f.r Hf-functionalized silicon and gold substrates.

A smaller alky! chain tilt angle in the film compared to the bulk could simply be due to the
(stepwise) preparation method. It is also possible, however, that the density of binding sites on
the initial surface determines (at least in part) the tilt angle. By this argument, one would predict
that a high density of initial binding sites might produce a denser packing of the alkyl chains, thus
forcing the alkyl chains to orient more perpendicular to the surface. One would further predict
on this basis that the films grown on the LB-templates should have the largest average layer
thickness, since the LB-template presents a close-packed array of zirconated phosphonates at
the surface. and should therefore have the highest surface binding site density. This, however,
is contrary 1o our observations, since the average layer spacing for the muitilayers grown on the
LB-template is smaller than for those grown on the other substrates, and is nearly identical to that
of bulk Hf-DBP (16.8 vs 16.7 A, respectively). From these observations, we conclude that larger
layer thicknesses do not necessarily correlate with denser packing of bisphosphonate alky!
chains. larger layer thicknesses are more likely to correlate with increased roughness of the
surface functionalization and/or increased disorder in the alkyl chains.
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ABSTRACT

Single-phase nanocomposites containing montmorilionite, MoS,, MoO; or 'S with
poly(ethylene oxide) are obtained by the exfoliation of the layered solid., adsorption of polymer,
and subsequent precipitation of solid product. Aqueous solutions can be employed for all
syntheses except PEO/TiS,, which is prepared from lithiated TiS, in an N-methy! formamide
(NMF) solution. X-ray diffraction indicates that the resulting solids increase in basal-planc
repeat by approximately 4 or 8 A. consistent with the incorporation of a single or double laver
of polymer between the inorganic layers. Reaction stoichiometries and elemental analvses
provide compositions for the single-phase products.

METHODS FOR GENERATING POLYMER-CONTAINING NANOCOMPOSITES

The incorporation of poly(ethylene glycols) or poly(ethylene oxide) by smectite clays s been
known for several decades.’ More recently, novel materials derived from polyethers and other
low-dimensional solids, inctuding oxide,™* chalcogenide.®® and MPS, * lattices have also been
described. In each case, a significant increase in the interlayer spacing is observed. indicating
that oligomers or polymers are incorporated within the galleries. Interest in the incorporation
of polymers within inorganic hosts stems from the potential mechanical, structural, and electrical
nroperties of organic/inorganic nanocomposites.'® This work will describe nanocomposiics
derived from PEO with a variety of layered structures, as summarized in Table 1.

Topotactic Methods

l.ayered ternary chalcogenides of the transition metals, A,MCh, (A = alkali metal; M = Ti,
Nb, Ta; Ch = §, Se, Te) spontaneously incorporate water or polar organic molecules to form
stable compounds with solvated cations. Exchange reactions can also be utilized to expand the
chemistry of these materials. An example is the incorporation of the oligoether poly(ethylene
glycel) by exchange of water in the hydrated lithium salt:

AHOHMS, + zPEG - A(PEG)MS, + yH,0 (2)
A topotactic mechanism for the above reaction, in which the intersheet galleries expand or

contract but the solid retains its two-dimensional character should usually be ineffective 1or the
introduction of high-molecular-weight polymers due to the stow diffusion of macromolecuies into
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the galleries. It should be noted. however, that recent work utilizing elevated temperatures
shows some promise for this method of obtaining nanocomposites.®

Table 1. Layered nanocomposites containing PEC

PEO Basal Spacing (A)
Nanocomposiie Host Nanocomposite Expansion

PEQ/Na-mentmorillonite 9.6 17.7 8.1

13.7 4.1
Liy (PEOQ); 4, :sMoS;’ 6.5 14.5 8.0
M (PEQ), i TiS, 6.0 14.2 8.2
Li, (PEO)¢ sM0O, 8.1 16.0 7.9

12.7 4.6
Li (PEO),MoSe, 7.3 15.2 7.9

*Boldface indicates excess polymer employed in synthesis.
"Stoichiometry of PEO indicates moles of monomer repeat (C,H,0)

An alternate route to polymer-containing nanocomposiies involves the in sire polvmerization
of monomeric intercalants, and the preparation of materials such as poly(styrene) . MoS,. "
poly(aniline) / V,0s," and poly(aniline) / MoO,'"? have been reported. As a variant of this
method. Nazar and coworkers™ have reported the incorporation of a water-soluble precursor into
MoQ, by the exfoliation / adsoiption method, followed by the in siru thermal polymerization.

Exfoliation / Adsorption Method

Single-sheet colloids can be obtained by chemical oxidation of the lithiated metal disulfides."”
Morrison and co-workers'’'* have demonstrated that a colloidal suspension of single-sheet Mo$,
can incorporate molscular organics, organometailic complexes, or other complex cations wheit
the single-sheets are restacked. The general method is simple: layered compounds are reduced.
rapidly re-oxidized by hydrolysis to form a stable colloid, and then inieracted with a soiuble
polymer and the solid product precipitated from the solution.

PEQ / Na-montmorillonite Nanocomposites

Polymer composites with smectite clays are produced by the exfoliation / adsorption method.
aithough no special techniques are required to prepare the colloid (which is directly obtained by
the dissolution of the clay).

The variation of polymer / clay stoichiometry shows that polymer/montmorillonite ratios of
0.15 and 0.30 g/g provide single-phase products with sharp diffraction peaks and several higher-
order (00¢) reflections. Peak widths indicate ordered domains of 150 A (approximately 10
layers) along the stacking direction for these products. Least-squares fits to these data yield
lattice spacings of 13.73(4) A and 17.65(4) A. At stoichiometries richer in polymer than 0.30
g/g an admixture of the 17.7 A phase and crystalline PEO is obtained.




The polymer conformation in these nanocomposites raises significant fundamental issues and
will also govern important physical properties. Two models which may be considered are a
helical conformation similar to that observed in crystalline PEO, or an adsorbed polymer layer
on the clay surfaces. The formation of a 13.6 A phase involves a gallery expansion of 4.0 A,
which sterically limits the polymer conformation to approximate a single adsorbed layer between
the clay surfaces. The 17.7 A phase displays twice the gallery expansion and also twice the
polymer content of 13.6 A phase, and therefore is consistent with the incorporation of two such
polymer layers. This architecture can be derived from the coalescence of colloidai clay sheets
with adsorbed polymer layers on both surfaces. The similarity of complexes prepared from PEO
and an amorphous copolymer PEM, {OCH,(OCH,CH,),,].. is also significant in that the helica)
conformation is disrupted in PEM.

The 4 A and 8 A gallery expansions are also similar with those obtained when oligomeric
{PEG) or small-molecule ethers such as ethylene glycol are incorporated into montmonillonite.
This coincidence is reasonable if each of these species adopts an adsorbed-layer conformation
within the galleries.

Nanocomposites prepared with stoichiometries between 0.15 and 0.30 g/g do not produce a
sharp (001) peak, but show highly asymmetric peak profiles. When physical mixtures of the
single-layer (0.15 g/g) and double-layer (0.30 g/g) phase are ground together at ambient
temperature, two sharp peaks corresponding to the discreet phases are obtained, but a broad
diffraction profile of intermediate repeat spacing appears upon annealing this mixture at 100 “C
for two days. These patterns therefore appear to correspond to homogenous nanocomposites of
intermediate composition (0.15 - 0.30 g/g) which are a solid solution of the single and double-
layer phases.

Li,PEO,MoS,

The powder diffraction data from the nancomposites prepared via exfoliation / adsorption in
aqueous media using excess PEO indicate single-phase products. Basal-repeat spacings obtained
increase slightly with higher polymer content, and range from 14.2 to 14.6 A. Peak widths
indicate stacking coherence lengths in the range of approximately 200 - 400 A (20 - 25 unit
repeats). At low polymer stoichiometries, a broad peak associated with restacked MoS, appears.

The distance between Mo planes in these nanocomposites is 8.0 - 8.3 A greater than in
LiMoS,. This expansion, similar to that obtained by insertion of poly(ethylene glycol) or PEO
into MS, or montmorillonite, suggests that a polymer bilayer is incorporated into the intersheet
region.

The polymer conformation within the galleries cannot be determined directly from diffraction
studies, and a helical polymer conformation, as in crystalline PEO, cannot be excluded by steric
arguments. Since the favorable energy of polymer adsorption will decrease dramatically once
monolayer coverage of the sheet surfaces is complete, a bilayer within the galleries (resulting
from monolayer coverage of each sheet face) is reasonable. Elemental analyses for C, H, and
Li for reactions indicate that the polymer stoichiometry for single-phase products can vary
between 1.0 and 1.3 moles of monomer repeat to MoS,. The polymer / MoS, ratio found in the
product depends on the mixing stoichiometries utilized in the nanocomposite syntheses. The
change in polymer content found for these products indicates a higher packing density of
polymer within the disulfide galleries. This explanation is consistent with the reproducible
change in relative peak intensities and slight increase in c-repeat distance with polymer content.
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The overall stoichiometry was found to be close to Li, ,(PEO),MoS, for all three samples,
which reflects a negative charge on MoS, sheets similar to that present in the hydrated lithium
salts. The lithium stoichiometry (x = 0.1) is consistently similar to that obtained for hydrates
prepared under similar conditions. Electrical measurements indicate a semimetallic conductivity
and thermal response, which are again consistent with negatively-charged MoS, layers.

Thermal and Chromatographic Anal

A simultaneous DTA / TGA scan of the nanocomposite is provided in Figure 1. The absence
of a melting endotherm at 60 °C indicates that no crystalline PEO phase occurs in the product.
An exotherm near 310 °C arises from degradation of the polymer and the as-ociated weight loss
of 27 %, due to volatilization of the decomposition products, closely corresponds to the polymer
content within the nanocomposite. X-ray diffraction of the nanocomposite after heating to 450
*C shows only a restacked MoS, phase.

An additional exotherm between 125 and 255 °C is not associated with any significant sample
weight loss. In order to further explore this transition, ambient-temperature X-ray diffraction
pattern of a single pellet of the nanocomposite following heating at 200 °C in an Ar aimosphere
for 3 - 6 hrs show an indicate an irreverssible loss of sample order. After six hours, the material
appears entirely disordered by X-ray diffraction. Subsequent heating of the pellet above 400 °C
under inert conditions for several hours 10 remove the polymer component regenerates crystalline
MoS,. The disordered phase must therefore contain MoS, sheets without a coherent stacking
arrangement. The driving energy for this process may be provided by the thermally-activated
rearrangement of adsorbed polymer. The potentially high electroactive area for the disordered
phase make it an attractive candidate for electrochemical applications.

GPC data on polymer extracted from the nanocomposites indicates that the polymeric
component of these materials is not degraded into low-molecular-weight fragments, although the
results of crosslinking and scission are evident. The extracted polymer from Li,,PEOQ, \MoS,
contains significant molecular weight components centered at 450,000 and 20,000 Da. After
heat treatment to form the unstacked nanocomposite, the extracted polymer has a single peak
centered at 45,000 Da. In these samples, only 10 - 50% of the total polymer component can
be extracted into an organic solution for analysis.

M,PEO, TiS,

The exfoliation / adsorption process can probably be extended to other layered disulfides
(TaS,, WS,, and NbS,) or dichalcogenides. For example, we have recently obtained results with
MoSe, indicating single-phase nanocomposites are readily prepared hy methods described above.

Some target compounds, however, are not amenable to processing in aqueous solution. A
notable example is TiS,-containing nanocomposites; TiS, is susceptible to hydrolysis under
acidic conditions, and forms a stable hydrate in aqueous base. The charge-storage properties
of TiS,, generally as the anode in a solid-state Li cell, naturally leads to interest in the
preparation and characterization of a single-phase polymer/TiS, nanocomposite.

A recent communication notes that the addition of a solution of PEQ with sodium perchlorate
in acctonitrile to an aqueous colloid of TiS, will produce a nanocomposite (7). Our results
indicate that the PEO/TiS; nanocomposite can be obtained from aqueous media, but a single-
phase product is not readily obtained.
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Exfoliation in N-Methyl Formamide (NMF)

The exfoliation of TiS, and other disulfides in NMF has been known for some time. Two
phases can be obtained by the interaction of MTiS, with NMF; M,(NMF),TiS, (M = Li, Na),
with c-repeat = 13.7 A, and (RNH,),(NMF),TiS,, containing CH;NH,CHO* (RNH,") cations,
with ¢ = 19.5 A. The relative abundance of the metal and RNH,* - containing products is pH

dependent, with the latter predominating when the reacton is carried o+ * - “dic conditions.
Similarly, the insertion of NMF has been reported for other lithium * ansition metal
disulfides. Optimal conditions for the synthesis of PEQ / TiS, are ! . a basic NMF

solution using excess PEO {which can be washed away from the desired pre 1), In this way,
single-phase products are reproducibly prepared. A representative diffraction patten is provided
mn Figuie 2.

The products ovtained in this manner do not contain a large component of the molecular
solvent within the galleries. Elemental analysis allow for a maximum ratio of NMF te «nanomer
repeat near {.1 mol/mol. Urdike the NMF-intercalated products, these nanocomposites uo not
lose a significant fraction of weight during DSC scans through the boiling point of NMF 185
“C).

The powder diffraction data for the single-phase products obtained provide a basal-plane
repeat of [4.2 A. Peak widths for the (00]) set provide a stacking coherence length of 300 A
(approximatety 20 repeat units). The absence of a diffraction peak at d = 5.7 A indicates that
the product is devoid of unreacted TiS,, and the absence of a melting exotherm at 60 °C in the
DSC trace shows that no crystalline PEO phase occurs in the nanocomposite.

The distance between Ti planes in the nanocomposite is 8.0 - 8.2 A greater than in LiTiS,.
This expansion suggests that a polymer bilayer has been incorporated into the intersheet region.
Elemental analyses indicate a product stoichiometry of Li; ,Nag 55(PEQO), 5 TiS,°0.09NMF; the
notation (PEQ), refers to n moles of the monomer repeat unit (CH,CH,0). The overall cationic
content is consistent with other similar compounds which retain the composition A, (solv), TiS,
(x = 0.2, and reflects the partial re-oxidation of the TiS,! sheets through interaction with
solvents.  The polymer content is somewhat less than that obtained with PEO / MoS,
nanocomposites.

Thermal and Flectrical Measurements

Thermal analysis of the nanocomposite reveals a broad endotherm between 90 and 140 °C.
This endotherm is also observed with unreacted TiS,. A sharper endotherm is observed at 180
°C and could be associated with the minor NMF component in the product. Both TiS, and the
nanocomposite are unstable to loss of sulfur above 220 °C.

Electrical measurements on pellets pressed from powders indicate a semimetallic conductivity
and thermal response; the conductivity of the nanocomposite somewhat less than the pure TiS,.
The bulk conductivity for the partially reduced sheets, TiS;>%, is expected to increase
significantly relative to TiS,; however, the reduced crystalline order in the nanocomposites and
the incorporation of a large fraction of electronically-insulating polymer between the sheets
should decrease the conductivities of these pellets.
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Li,PEO,M0O,

Li,MoO, rapidly exfoliates during sonication in aqueous solution, and the nanocomposite with
PEQ is easily obtained. The extent of lithiation in the Li,MoO; emploved (i.e. x in Li,MoO,)
was not evaluated quantitatively in our studies, other studies indicate that the maximum value
for x by these methods may be less than 0.5. Complete exfoliation results only for the most
highly reduced salts, when the anhydrous lithiated compounds show a basal-plane expansion of
at least 1 A relative to MoO,. The nanocomposites prepared by the exfoliation/adsorption
method expand by approximately 8 A when excess PEO is employed: the stacking repeat of 8.2
A in Li,MoO; is increased to 15.9 - 16.5 A. A 4.4 A expansion is observed, however when
the PEO content is limited to 0.1 g/g Li,M00O,. These data are consistent with adsorbed bilayers
or mouwolaycrs of PEO between MoO; sheets.

Elemental analysis of the products provides a Li/MoO; mole ratio of 0.25. The
nanocomposite rapidly reforms a colloid when placed in aqueous solution, so the products cannot
be washed to remove excess polymer. Some products therefore contain excess PEO; in this
case scanning calorimetry of the products indicates a sharp exotherm near 60 °C corresponding
to a bulk PEO melting transition. Single-phase products are obtained by careful control of the
PEO / MoO, and solvent ratios. Elemental analyses for Li, C, and H in the single-phase
products provides a stoichiometry of Liy,o3PEOQ, ;M00;+0.06H,0. Thermal analyses of the

products show an irreversible exotherm, associated with polymer decomposition, at 320 “C
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ABSTRACT

Nano-composites have been prepared from Na*® and Ca** montmorillonite (MMT) in a
polystyrene matrix via chemical intercalation. Vinyl monomer-g-MMT was prepared by
exchanging the mineral cation by vinylbenzyl trimethylammonium chloride, thus rendering the
mineral organophilic and forming polymerizable moieties directly bonded to the lamellar surface
of the mineral. Styrene was added and polymerized by free radical in selected solvents. The
ratio of mineral o thc bound polymer ranged from 0.3 to 1.25 (by weight) depending on the
initial mineral concentration in the feed and on the solvent used. The mineral domains in the
composite, measured from suspension cast film fall in the range of 150 nm to 400 nm.
Measured from compression molded samples, the domains were ca. 50 nm which is much
smaller than the mineral aggregate and comparable to that of the primary particle of the mineral.
WAXD disclosed that the d (001} spacing of MMT in the composite ranged from 1.7t02 S nm
suggesting that the mineral aggregates (ca. 10 um) were dissociated into individual layers then
reassembled into Jamellar nanoclusters.

INTRODUCTION

Concurrent with the recent surge in the preparation of nanoscale materials, nanostructured
composites based on hybrids of polymers and smectic clay minerals, mostly montmorillonites,
are emerging with the prospect of solving reccgnized limitations of fiber composites and filled
polymers. Montmorillonite nanocomposites of nylon 6 [1-5], polystyrene [6,7] and rubber [8,9]
have been described in the recent literature. Like other multiphase materials, successful
development of this class rests on two basic principles: chemical continuity and morphological
hierarchy. From a chemical point of view, these systems may be considered as clay-polymer
complexes (10] and are based on physical or chemical intercalation. In both cases, it is
suggested that a limited quantity of the polymer resides within the interlamellar spacing as
evidenced by d (001) measurements. In the chemical intercalation approach [6,8,9,11], the
polymer is chemically bonded to the ionic sites at the internal surfaces of the lamellae through
an ion exchange process. Physical intercalation [12,13], which has been also called "direct
intercalation” [7], involves mixing clay or its organophilic derivative with a polymer in the melt.
The organophilic treatment of MMT facilitates the adsorption of the polymer into the
interlamellar spacing but does not assure effective bonding.

Undoubtedly, ionic bonding of the polymer to the internal surface of the clay lamellae
provides chemical continuity from which higher levels of stability may derived. Indeed, a
polystyrene/ montmorillonite composite prepared by the physical intercalation approach {7] has
been noted to deintercalate by suspending the composite in toluene. On the other hand, the
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polystyrene in a similar composite (PS/MMT), prepared by the grafting approach [6], remained
chemically bonded to the mineral after extensive solvent treatment. Since intercalation is a
common attribute of all three methods, it is instructive to categorize the hybrids prepared by
chemica! intercalation as "mineral-polymer grafts”.

The morphological hierarchy of this class of composites stems from the lamellar assembly
of the mineral into primary particles which constitute the native aggregate [14]. It is also known
that MMT swells and disaggregates by the action of certain liquids then reverts back to its
aggregated character. Thus, regardless of the type of bonding, intercalation does not necessarily
give rise 10 a nanoscale morphology [11, 13]. Morphological evolution of MMT-polymer
hybrids remains ambiguous and appears to depend on thermodynamic and kinetic factors which
dictate the balance between forces of dispersion and aggregation. Realizing that materials derive
their properties fiom their chemical stability and morphological hierarchy, this paper describes
3 method for the preparation of PS-g-MMT and provides evidence to its nanostructured
character. A companion paper provides detailed chemical and morphological analysis of another
nanocomposite: MMT-g-ATBN {3;.

PROCEDURES

The concept underlying our method of preparing the grafted PS intercalate rests on two
basic steps [6). The first comprises the preparation of the onium salt of an appropriate vinyl
monomer which is subsequently bonded to the mineral interlayer by ion exchange. The second
step involves a routine polymerization reaction. Thus, a suspension of 25 grams of MMT (Na
or Ca) in | liter of water was stirred overnight. To the stirred, cooled (0-5 °C) suspension, an
aqueous (30 mmol) solution of vinylbenzy! trimethylammoniumchloride (I in Fig. 1) in 100 mi
water was added drop wise. After 3 hours, a white precipitate (II) was filtered, washed and
dried. To a prescribed mixture of MMT-g-monomer and solvent a predetermine volume of
stvrene monomer and AIBN initiator are added. The mixture was then heated to 80 ° C while
being stirred, for 5 hours, at the end of which the Poly(styrene-g-montmorillonite) (III) was
precipitated in methanol, washed and dried in vacuum at 100 °C for several hours. Figure 1
presents a scheme to describe the preparation procedure and Table 1 specifies the composition
of five different preparations of PS-g-MMT. The polymerization reaction was carried out in
acetonitrile (MeCN) and toluene whose amounts (in ml) are reported in parentheses.

Table 1. Composition of polymerization recipes.

CODE MMT-g-MONOMER SOLVENT
per 100 ml styrene (ml)
A 5 MeCN (40)/Tol (60)
B 10 MeCN (125)
C 10 MeCN (125)/THF (125)
D 25 MeCN (200)/Tol (200)
E 50 MeCN (400)/Tot (400)
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Figure 1. Schematic illustration of the preparation procedure

The material produced by the scheme outlined above (III) was characterized
systematicallv to define the evolving nanostructure. The interlamellar structure which includes
the stability or the ionic bonding and the nature of polymer packing between the lamellae has
been examined by elemental analysis, FTIR and WAXD. The morphological hierarchy was
elucidated using SEM and TEM.

RESULTS AND DISCUSSION '
Elemental and FTIR analyses of the

MMT-monomer intercalate (II) and the
MMT-polymer were used to ascertain the
chemical structure of the monomer and the
stability of the ionic bond [6]. WAXD of
the MMT-monomer gave rise to an
interlamellar spacing of d (001) = 1.5 nm
in both the Na and Ca montmorillonites.
This increase amounts to a swelling 1n the
interlamellar spacing of 0.54 nm which
suggests bimolecular packing of the vinyl
monomer in (II) if horizontal alignment is
assumed. It was also ascertained that the
exchange of the inorganic cation was
complete and that the cation exchange
capacity of the MMT-monomer was similar
to its original value [6].

Figure 2. TEM of suspension cast film

A recent US patent [15] described a similar procedure to prepare PS/MMT composite
containing only 5.3% MMT. The patent narrates that the X-ray diffractometery of this
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composite material gave no peak attributable to the (001) plane of MMT. This indicates, the
patent disclosed, that the individuai lavers of MMT were uniformly dispersed in the polymer
Sumtlar claims were examined in another publication [8). The present study established that it
15 possible o carry out polymerization recipes containing up to S0% MMT (Table [). In this
regard, 1L is useful to note that intercalation of MMT involves two interrelated phenomena;
namely, swelling and disaggregation.

TEM micrography of a thin film
fabricated from THF suspension of a crude
composite preparation (E) is shown in Fig.
2. The product appears to be comprised of
mineral-rich spheres, in which the polymer
1s bound to the mineral, evenly dispersed in
a polymer matrix. The spheres in Fig. 2
range in diameter from 150 nm to 400 nm.
This observation leads into two worthwhile
consequences.  One is that the spherical
clusters of Fig. 2 can not be perceived to
undergo unlimited swelling upon molding.
On the other hand, this morphology
indicates the feasibility of extracting the
mineral-rich  domains from the polymer
matrix by centrifuge treatment of the
suspension 10 obtain a composite with higher LAY T 4VRES & 17 I"1°1" {Fm WD3

MMT content.

SEM examination of a compression
molded sample of preparation E (Table I) is
exhibited in Fig. 3. The presence of
nodular submicroscopic domatns (ca. 50 nm)
in Fig. 3-a implies that the spherical clumps
ot Fig. 2 are plausibly assemblies of smaller
domains. Related phenomenon has been
observed in ATBN-g-MMT [8]. Mapping
e surface of the specimen imaged in 3-a
for Si at the some magnification (Fig. 3-b)
unveils that MMT domains 1n the molded
specimen probably maintain a wide size
distribution, of which the nndular entities of
Fig. 3-a are the largest, anu that they are
homogenecusly dispersed.

Figure 3. SEM micrograph (a) and Si
mapping (b) of 50% MMT composite.

Table II summarizes the results of the separation experiment. The Table also includes




the mterlameilar spacag mewsured betore and atter extraction. burther extracuon ot
pnntercalated PS was tound possible at elevated temperature (16]

Table 1. Extraction Resuits

Code Bxar PSO % MMT 1 g (bPS) d (U0 Crude ¢ (WO Extr

A 80 [URS NORIEY TIITTA

B 79 0.9] 245A 217 A

€ 7S5 0.67 N2A 189 A

D 42 0.77 18.1 A 17,1101 A

E i) 128 1724 20.8/10.6 A
Considering the daza i Tables Fand Hoatas G e i s
noted thae the interfameltar activity i these ‘
polymerizations depends on the sohaton . T
power of the used solvent and the fraction of e '

[ in the polymenzation recipe.  Typical
WANXD behavior of our preparations are
shown 1n Fig. 4 for samples containing (a)
5% and tb) SO % MMT. Apparently, two
diffracting species exist in these samples,
one of which exhibit d (301) of about 10 A,
1s perhaps assoctaied  with  unreacted
muneral.  The majonty ot the matenal € -
exhibits interlayer diffraction of 2.1 nm and ‘ ‘
1.7 nm for the 5% and 50% composites, i

respectively.  Quantitative TEM analysis <

Rolative inlonsidy

;
indicated that the spacing between the MMT Tl

layers in the composite exhibits a wide e
distribution ranging from 3 nm to 20 nm D T B R
w:th an average of about 6 nm [16]. R Hr e

Figure 4. WAXD of two compastes
containing 5% (a) and 50'% (b) MMT

CONCLUSIONS

A method to prepare PS-g-MMT composites containing more than 50% MMT s
disclosed. It =ntails two steps; preparation of a chemically intercalated monomer which 1s then
polvmerized with styrene. The amount of polymer contained within the interlamellar spacing
of MMT, as detected from WAXD, appears to reflect multimolecular packing whose magnitude
depends on the preparation conditions. MMT in the composite predominates as clusters in the
order of ca. 50 nm which are homogencously dispersed within the matnix.
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NGMUIR-BLODGETT FILMS OF CALCIUM STEARATE
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ABSTRACT

The Langmuir Blodgen (LB) Process has been “hown to be an appropriate method {or
use in mimicking of biological processes for producing engineering materials such as
bioceramics. The main advantages of this approach are that the fayers form at fow
temperatures, that they are fully dense and that the process of densification is by infiltration
rather than by sintering. Moreover, biological hard tissues are self-assembled o perform
certain functions; the architecture beng controlled by an epitaxial organic matnx. Clearly. it
this process can be understoed in detail then it is possible that LB films may he used o
repheate this architecture for engineering purposes.

Atomic Foree Microscopy (AFM) and X-ray diffraction (XRD) have been used to study
and characterise LB films of calcium stearate obtained by the repeated dipping into and
withdrawal of a (001) St water from a subphasc containing calcium ions and usiny stearic acid
as the surfactant. Contact-mode AFM images of the film surface have heen used to measure the
thickness of the LB tayers and ta ceveal the nature and distnbution of delects in the film. The
measured thickness of the calcium stearate Jayers is about 2.5 nm: a value consisient with that
obtained by XRD. but smaller than the tength of an individual calcium stearate molecules.

INTRODUCTION

Recently, the design of new materials on the atomic and molecutar level for practical
applications has bheen  investigated in detail. The Langmuir Blodgett process has been
suggested to be one of the most appropriate methods for the production of well-ordered two
Jrmensional arrays. The Langmuir Blodgett process consists of the transference of a
preformed monolayer onto a solid substrate. The process consists of amphiphilic compounds
being spread at air-water interfaces and a monomolecular layer being formed. Upon
compression of the monolaycr, the moleciles are oriented at the interfaces. The compressed
monolayer is transferred onto a solid substrate via its immersion into, and withdrawal trom,
the subphase. Fig. 1 shows a schematic drawing illustrating the various stages of the
Langmuir Blodgett Process. Three different stages are identified : spreading. film compression
and deposition.

Characteristics such as film stability . a low-defect structure with molecular-scale
features and the fact that the process is “designable” fulfil the technological requirements of a
method for the production of” piczockectric and pyroclectric thin films; organic thin films for
photoclectric information conversion: organic thin films for optical information storage and
organic thin film for biomimetic process.

In this work the Langmuir Blodgett process has been used as a biomimetic process 1o
produce a material with similar structure to that in the shell of a motiuse. Moliuse shells are
biological hard tissues which have well-ordered crossed lamellar microstructures.  Their
strengths are comparable with thuse of many common engincering ceramics. The main idea of
this project is to produce a biomimetic surface in the form of a LB film and to investigate how
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such surface films will modity crystatlisation behaviour.  As a prelude o this, thickness
measurements were carried out on calcium stearate LB films. The evaluation of this parumeter
is of vital tmportance in any study of LB films and such measurements are the focus of the
pres o peper.

substrate
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1 movable
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2) 5)
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Fig. 1 - Schematic drawing of the Langmuir Blodgett process: 1-spreading: 2-compression:
3.3& 5 - deposition of 188, 20d and 36 layers: 6-final film structure,

MATERIALS AND EXPERIMENTAL APFROACH

The surtactant used in this study was a § x 10-3 M solution of stearic acid
(C;7H3sCOOH) in chloroform and the subphase was @ pH 1) in solution of calcium hydroxide
1CatOH)2) in double distilled water( 0.102 g/1). The surfactant solution was deposited onto
the subphase using a micro syringe fitted with a metal needle. The substrates used were,
polished wafers of semiconductor grade silicon with a nominal surface orientation of (001).
The waivrs cleaned and degreased by washing with detergent, rinsing with deionised water in
an ultrasonic bath and then rinsing 1 isopropyl alcohol.

The Langmuir-Blodgett trough used was a double rigid barrier type unit constructed of
PTFE. with a paper Wilhelmy plate. The surtactant solution was introduced into the middle of
the rough and the chlorotorm was allowed to evaporate until only pure surfactant remained on
the subphase. The surface pressure was measured using an infrared detector which was
calibrated against the isotherm curve determined for the system in separate experiments. The
barriers close until the surface pressure between the surtactant molecules reaches a specific
target value. The surtace pressure is maintained ac this target value by direct computer control
of the barriers. The target value is chosen such that the surfactant molecules are close enough
ta cnable the substrate 0 be coated by immersion into the subphase.  After each layer is
deposited, the target pressure is re-established before producing the next layer. Since the Si
substrates used are hydrophilic, they were immersed in the subphase before spreading the
surfactant mixture. In order to allow drainage of the aqueous subphase solvent from the film,
the withdrawal speced chosen was lower than the critical speed for film deposition. Between
deposition of the first and second layers, the wafers were allowed to drain for 1 hour such that

98



more of the water was climinated trom the film.

X-ray diffraction was used to determine the thickness of the LB film “monolayers”.
The diffraction studies were carried out using a Philips PW 1380 horizontal diffractomewr with
4 graphite crystal monochromator controlled by a DACO-MP controller. The ka line from a Cu
target. which produces X-rays with a characteristic wavelength of 0.1452 nm, was used. The
tilm thickness were obtained by assuming that, since the scattering of X-rays from carbon and
hydrogen atoms is very small compared to that from the heavier metal ions, the fattice spacing
(normal to the film) measured by X-ray diffraction for simple fatty acids corresponds o the
distance  between  adjacent planes  containing metal  ions. Thus  the d-spacing can be
caleulated for cach pair of layers.

Film thicknesses were also was determined by contact-mode AFM using a Digital
Instruments Nanoscope 11 scanning probe microscope with & microfabricated S13N4 cantilever
with a force constant of .06Nm-! and scanning at 4kHz. Images were obtained by scanning
under conditions of constant height with a net tip toree in the region of 10-100 pN. Since the
AFM gives guantitative measurements of surface geometry, Jayer thicknesses can be calcufated
by measuring the vertical displacement between adjacent regions on stepped LB muhilayers,

RESULTS

Cracks were gencerated in the LBF during examination in a low vacuum SEM
(LVSEM) and a typical region 1s shown i Fig. 2. Despite the relatively high background
pressure which the LVSEM maintains, evaporation of water or more volatile components from
the sample can sull occur. We note that, whilst simple ageing of the films can produce similar
cffects, films such as the one shown in Fig. 2 were only produced | hour before examination
and thus this is not likely to be the cause of the cracks in the present case.

It is interesting 1o note that multilayers consisting of 15 or more layers did not crack
when viewed under LVSEM. One possible explanation for this hehaviour is that it may be
related to increasing film disorder, small environmental changes (c.g. in temperature and
pressure) can cause defects on the multifayers. According to Alara et al! layers can pecl off
the substrate after reaching 10 nm (approx. five layers) as a consequence of an increase in
film disorder. However using purer reagents? and with aliernative reaction and bonding
schemes?4 this problem has been solved and uniform intact films of over 100 nm thickness
are readily achicvable.

@ (b)

Fig. 2 - AFM images  of cracks on the surface of a 40 layers of caicium stearate LB
fitlm. (a) two dimensions (b) 3-dimensions.




The thickness of the layers were then measured using X-ray diffraction and AFM and
these measurements were compared with the thicknesses which would be expected for ideal
LBFs.

Since the atomic scattering amplitudes for X-rays from carbon and hydrogen atoms are
much smaller than those of the heavier metal atoms, the X-ray diffraction patterns from LBFs
are dominated by the arrangement of these lauer atoms. Thus the main diffraction peaks from
the films corresponds to the distances between adjacent planes containing metal atoms. A
typical scan is shown in Fig. 3, and up to ten orders of such (001) reflections can be
identiticd. The dircct beam has a divergence which swamps the detector at angles below 17,
thus the (001) peak is not accessible but ((02) and higher order are clearly visible. There is
some suggestion of subsidiary oscillations in the tails of the (002) peaks; similar features have
also been observed by Pomerantz et at®® who used a diffractometer with excellent collimation
and monochromaticity, under computer control and with counting times of about 5 min per
point to measure the fine structure of the diffraction pattern. It was shown that, the tails of the
Bragg peaks are modified by an envelope function giving pronounced maxima and minima for
films which consist of small numbers of monolayers.
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Fig. 3 - X-ray Diffraction results for calcium swearate Langmuir Blodget multilayer.

The monolayer thicknesses determined for the calcium stearate is around 3 nm. This
value is comparable with the value of 2.75 nm which would be expected on the basis of atomic
structure models using standard values for interatomic distances and atomic radii (Fig. 4).
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Fig. 4 - Atomic Structure of calcium stearate.

To verify these X-ray results, measurements of film thicknesses were also obtained
using AFM. Fig. 5 shows an AFM image obtained from a test structure whereby a step of 9
monolayers has been deposited onto one side of a continuos 20 monolayer film. The height of
the step was mecasured as 21.77 nm which corresponds to 9 monolayers as expected and
yields a layer thickness of 2.41 nm.

FIG. 5 - Cross sectional section of a Calcium stearate LB Film,

Thus there is a small but consistent discrepancy between the measured thickness of the
monolayers and that which would be expected on the basis of atomic modcls. If this
discrepancy does not arise because the atomic radii and/or interatomic distances in the molecule
are different from the standard values used, then one possible explanation is that the calcium
stearate molecules are inclined to the substrate thereby producing a thinner layer.”.

The use of those three thicknesses (theoretical. X-ray, and AFM values) also could
indicate the type of structure obtained.  X-rays diffraction measurements showed that the
spacing of metal cations were nearly twice the thickness of a single layer , confirming the
head -to-head, tail-tail arrangement (Y-type structure). X-type multilayers are expected to have
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a different structure than Y-type. The methyl groups of one layer should be adjacent to the
carboxyl groups of the next layer on the basis that the deposition occurs only during the
immersion sequences of the dipping operation, However, Holley8 and Ehlert? have shown
that the spacing of the metal cations is essentially the same in both x- and y-type multilayers.
This indicates that the orientation of the molecules must overtum during the building of the x-
type multilayers.

CONCLUSIONS

The thickness of calcium stearawe LB film has be determined to be 2.5 nm. It is consistent with
values obtained using different techniques (AFM, X-ray diffraction) A small discrepancy
(theoretical value = 2.75 nm and experimental calculation = 2.5 nm) has been found in relation
to the theoretical value and the value obtained experimentally. Tt has been proposed that this
discrepancy could arise due to tilting of the molecules in the film away {rom the substrate
surface normal.
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BIO-MIMETIC COMPOSITES
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ABSTRACT

The propertics of bone, as a polymer reinforced with nanometer-sized ribbon-shaped
crystals of mineral, are compared with the properties of synthetic polymer composites. Bone
does show some superiority to existing composites. The improvements can be attributed to the
microstructure. Methods for reproducing this structure in a synthetic material are discussed.

INTRODUCTION

Mineralized biological tissues show a range of properties trom slightly reinforced polymer
through tough composite to ceramic. Bone particularly stands out as having a good combination
of stiffness. strength and toughness when compared to equivalent synthetic materials. The main
components of bone, collagen and hydroxyapatite, have properties that are typical of other wugh
polymers and minerals, respectively. Hence we must look to the microstructure as the source of
the good properties.

This paper will provide a brief comparison of bone and composites, will identify the key
aspects of the structure and then will discuss synthetic efforts to duplicate these structures and
properties.  Bone will be compared to short fiber reinforced composites which are moldable.
roughly isotropic materials. Much better properties can be obtained with continuous fiber
reinforcement but at the cost of expensive processing methods and poor properties in at least one
direction. The challenge is to extend these good properties into moldable materials.

BONE AND COMPOSITES

Bone has an elastic modulus in the range of 20-30 GPa, about 10 times that of collagen
or synthetic resins, table 1. This increase is achieved by reinforcement with 40-50 vol% of
hydroxyapatite ribbons which have a thickness of a few nanometers and a high aspect ratio.
Various theories can be used to predict composite moduli from composition [1] and bone seems
1o be in the range expected for the known component moduli, volume fraction and particle shape.

Particle-filled composites generally show a decrease in strength and a rapid decrease in
toughness with increasing particle content. Fiber-filled composites get stronger but also less
tough {2). Properties are very dependent on the aspect ratio of the fibers which is generally
limited to a range from 10-50 by the processing conditions. Glass fibers are typically 10 um in
diameter and standard processing equipment will break fibers with lengths in the millimeter
range. Finer fibers are undesirable because they would be a health hazard during handling. In
addition normal mixing procedures, which randomize fiber orientations,limit the fiber volume
fraction 10 the percolation threshold. This is around 40 vol% at an aspect rato of 10 and 10
vol% at 50 [3].

Dense bone has a strength of 150 MPa, measured in tension parallel to the length and an
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extension to break of 10%. Some cquivalent composites are also shown in table 1. It can be
seen that bone is distinguished by a large extension to break. It has also a large work of fracture.
The characteristics which must contribute to these fracture properties include: high aspect rauc
particles combined with a high packing density. There is no a privri reason to expect the small
particle thickness to be an advantage since composite theory predicts a decrease of work of
tracture with decreasing particle size at constant volume fraction and aspect ratio {4].

This rather counterintuitive conclusion arises in essence from the fact that the energy w0
pull out a fiber will vary as the critical length squared multiplied by the diameter, while the
number of fibers in a cross-section depends on the diameter squared. The result is an energy that
increases as the first power of size.

Two other aspects of bone structure may be important. Little is known about the nature
of the hydroxyapatite-collagen interface. Presumably the bonding is quite good as it is in good
synthetic systems. It is possible that the helical structure of collagen allows some specitic
energy-absorbing mechanism to operate at the interface during fracture. Such a mechanism has
been observed during the fracture of mollusc shells [5]. In addition it has been suggested that
the large extension to break of bone is due to microcracking which may follow specific planes
within the Haversian or lamellar structure and so reflect structure on the 10-100 micron scale [6].
Bone has a very clear hierarchical structure (7,8] and it may well be that part of the reason for
this is to control fracture by including weak planes. Different bone types do show dittereat
fracture behavior.

INORGANIC-ORGANIC HYBRIDS

Inorganic-organic hybrids have been studied for about 1{) years by several groups and the
general pattem of mechanical properties is now becoming clear. The addition of the inorganic
phase stiffens glassy polymers in line with composite theory. The change in modulus does
depend on morphology in that a material formed with a continuous inorganic network is stiffer
than one with an continuous organic phase and inorganic particles. There is a much more
marked increase in modulus above the glass transition (figure 1).

The mechanical strength in compression does increase, as for many particulate composites,
but there is generally a decrease in tensile strength and in toughness, especially at high particle
contents (9,10}, To date there is no clear sign of special properties arising from the nanometer
scale of the inorganic filler except the effect of rubber modulus and an increase in degradation
temperature for acrylic polymers {11].

Based on current knowledge of organic-inorganic hybrids and the preceding discussion
of bone, there are two obvious routes for achieving better nanoscale composites. Firstly the
reinforcing particles should have an elongated shape rather than being spherical. This needs to
be achieved without paying a penalty in packing density. Secondly weak planes should be built
into the structure to control failure; a similar mechanism is being tested by incorporating weak
interfaces in ceramics {12]. The possibility of building into the matrix special structures with
high work of fracture should also be explored.

ELONGATED PRECIPITATES
We have previously shown that elongated inorganic oxide precipitates could be formed

in amorphous polymers by drawing the polymer during the precipitation process. The resulting
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clongated particles had aspect ratios comparable to the draw ratio of the polymer, which could
be controlled by changing the drawing temperature and rate (13].

Since this drawing process limits the composite to the form of fibers or films, we
investigated methods of impregnating polymers with metal alkoxides to form elongated
precipitates.  Sohid polymer sheets such as polyethyiene terephthalate can be impregnated wiis
silicon alkoxides and then steam treated 10 form a harder, silica-reinforced, surface layer {14).
This process is very dependent of selecting an aikoxide with a good solubility parameter match
to the polymer, in order to get good swelling.

We aiiempted to use a similar swelling process with oriented polymer films to produce
clongated reinforcement. It appears that the more limited swellability of oriented films makes
this very difficult.  However we were able to get good swelling of a two-phase mixture of
polymethylmethacrylate and polyvinylidene fluoride. These two polymers are miscible in the
melt but polyvinylidene fluoride crystallizes and so segregates from the amorphous
polymethylmethacrylate {15]. When films are formed from solution, this segregation occurs on
a large scale (10 1 m), from the melt the separation is on a very fine scale (10-100nm). On
swelling with titanium alkoxides and hydrolysis, the acrylic polymer takes up alkoxide and is
converted to a titania-reinforced composite {16].

When drawn. swollen with alkoxide and then hydrolysed, solvent-cast films show
clongated aggregates of titania in the polymer (figure 2).

Another approach to the formation of clongated particles is to precipitate an inorganic
ciystatline . odal with an b =gatcd crystal habit. This is essentially what occurs in bone. For
an oxide, or other true ceramic, reinforcement it will be necessary to prevent formation of
amorphous gel particles prior to crystallization. It is not yet clear how this can be achieved
rapidly but recent expeniments with concentrated surfactant systems point toward this [17].

CRYSTALLINE MATRIX POLYMERS

A further approach to control the particle morphology is to use a crystalline polymer
matrix rather than an amorphous polymer. The lamellar morphology of crystalline polymers
should redistribute the alkoxide to the interlamellar amorphous regions during crystallization.
Subsequent hydrolysis should lead to titania particles in layers between the polymer crystals. In
addition the toughness of crystalline polymers is related to the ability of chains to pull out of the
lamellae during yielding and this toughness may be carried over into the composites.

To investigate a system of this type polypropylene was melt blended with titanium
butoxide and extruded. After extrusion the film was treated with boiling water for 24 hours to
precipitate the titania. In the melt the alkoxide is compatible with the polymer. Visual
obscrvation of the extrusion shows two transitions. At around 100°C the polymer appears o
crystallize to become opalescent. At around 40°C the film becomes much more opaque; we
believe that this is due to phase separation of the alkoxide, possibly induced by secondary
crystallization of the polypropylene {18}.

Initial samples were very weak and brittle. The spherulite size was much increased in the
presence of the alkoxide. A coupling agent (triisostearyltitanium alkoxide, Kenrich Corp.) and
a nucleating agent (potassium benzoate) were added. This reduced the spherulite size and
increased the toughness.

Dynamic mechanical measurements showed an increases in tensile modulus from 1.3 GPa
to 2.2 GPa with 9% titania. There was a large decrease in the loss modulus. The tensile yield
strength showed an initial small increase from that of pure polypropylene (14 MPa) and then a
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Figure 1: Storage Modultus of PMMA-(22 vol%) Silica hybrid composite and pure PMMA

Figure 2: Titania Particles formed by alkoxide swelling and hydrolysis of a PVF2-PMMA
polymer blend (PVF2-PMMA)
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drop v 9 MPa at 9% titania.  Scanning electron microscopy of fracture surfaces in samples
containing high levels of titania showed that there was a tania-rich region at the spherulite
boundanes that tended to embrittie the polymer. Small angle x-ray scattering showed only
nanometer-sized titania particles.

This first attempt to combine in situ reinforcement with the lamellar morphology of a
crystalline polymer has shown that such systems can be formed by normal polymer melt
processing methods. The elastic properties follow those that could be expected for a compuosite.
The tracture propetties seem to be dominated by morphology at the whole spherulitc scale rather
than at the lamellar scale and this needs to be controlled if the intrinsic behavior of this type of
structure is to be studied.

Polypropylene is probably not the ideal polymer for this type of reinforcement, but it does
have the merits of a low melting point and absence of any reaction with the tanium alkoxide.
to which most esters would be vulnerable.

CONCLUSIONS

There is reason to belicve that stiff, tough materials can be made by in site reinforcement.
but they have not been made yet. It is probable that locally aligned. clongated reinforcing
particles will be necessary. it may also be necessary to add wughening structures on the scale
of a few microns.
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ABSTRACT

Intrigucd by the deceptive simplicty and beauty of macromolecular sell-assembly. our
laboratory began studying models of self-assembly using solids, glasses, and  colloidal
substrates. These studies have detined a fundamental new colloidal material tor supporting
members °f a biochemically reactive pair.

The technology, a molecular transportation assembly, is based on preformed carbon ceramic
nanoparticles and self assembled calcium-phosphate  dihydrate particles 10 which  glassy
carbohydrates are then applied as a nanometer thick surface coating.  This carbohydrate coated
core functions as a dehydroprotectant and stabilizes surface immobilized members of a
hiochemically reactive pair. The final product, therefore, consists of three layers. The core is
comprised of the ceramic, the second layer is the dehydroprotectant carbohydrate adhesive,
and the surface layer is the biochemically reactive molecule for which delivery is desired.

We have characterized many of the physical propertics of this system and have evaluated the
utility of this delivery technology in virro and 1 animal models. Physical characterization has
included standard and high resolution transmission electron microscopy, electron and x-ray
diffraction and { potential analysis. Functional assays of the ability of the system to act as a
nanoscale  dehydroprotecting  delivery vehicle have been performed on viral antigens.
hemoglobin, and insulin. By all measures at present, the favorable physical properties and
biological hehavior of the molecular transportation assembly point to  an exciling new
inwrdisciplinary area of wchnology development in materials science, chemistry and bology.

INTRODUCTION

Self-assembly, broadly detined as the spontaneous fabrication of multi-component molecular
structures, is the elegant mechanism by which most complex biological molecules achieve their
ultimate form.  Self-assembly, at the biological level, is the incvitable coisequence of
fundamentally weak cfectron interactions between complex macromolecules. Tae deceptive
simplicity and beauty of macromolecular self-assembly, as exists in nature, has proiepted many
commercial concerns and research laboratories to experiment with “biomimetic process.

At the commercial level, industry has experienced financial success with applications of self-
assembly principles in polymerase chain reaction. In the biomedical arcna, several
pharmaceutically oriented biotechnological applications of self-assembly including liposomes
and virus-like particles are in development and some are already in clinical trials. On the
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axpenmental fevel, investigators have successtully produced a variety ot seif-assembly producis
such as microlithographed bio-patterns. trniple helical DNA, DNA cubes, nanotshules and cage
compounds.' Neurad networks and bio-opiico-vlectronic devices are among the envisioned
applications.

Challenged by problems of molecular conformation at interfaces. our laboratory has studicd
mudels of self-assembly using sohds, glasses, and collodal substrates for the past six years.
Fhese studies have defined a tundamental cnabling plattorm for the safe transportation of
rrochemicatly active molecules.”  Aniong the applications of this safe mokecular transportation
asscinbly are: vacemes, articial blood. drug delivery and gene therapy.

This article teviews the ponciples of seif-assembly, nanobiology, and the challenges ot
maintamng the activity of biologieally reactive pars. The convergence of these principles mto
asingle dehivery vehicle with a vanety of biologicat applications 1y desenibed.

PRINCIPLES OF SELF-ASSEMBLY

Svatheie products are self ussemibling if the constituent parts assume  spontancousiy
prescribed structural onentatons o two ot three dimiensional space. The study of such
provesses has traditonally been called supramaolecular chemistrs, macromole cular association
phenomena oF nanotechnology, and the products have been called smart materials.” I
agucous biotogical eavironments. the assembly of macromolecules s governed basically by
three physicochemical processes: the ineractions of charged groups, dehydration effects and
inrmsic structural stabidity.

nteractions between charged groups

Most bidogical and synthetic surfaces are charged due to constituent chemical groups or
adsorbed 1ons from the biological mifreu. The interactions of charged groups such as amino-.
carboxyl-, sultate-, and phosphate-groups, facilitaw the long range approach of self asserabling
subunits. The long range interaction of constituent subunits, beginning at around 15 nm, and
ther gradual altraction 1o an eaergy minimum that exisls at a distance of approximately 3 am.
s the necessary first phase of self-assembly.

Natural self assembling structures that are favored by the existence of strong interactions of
charged groups include crystal lattice formation and bone mineralization. Charged groups also
play a role in stabilizing tertiary structures of folded prowins.'  Biowchnological applications
of self-assembly based on charged group interactions include the analytically usefu! technigue
of forming cadmium arachidate bilayers to study the diclectric constants of protein layers.
frictional shippage between bilayers, and other parameters of biological membranes.

Hydrogen bonding and dehydration effects.
Hydrogen bonds arguably constitute the most important molecular interaction in self
assembling structures.  Moiecules that form hydrogen honds are hydrophilic, and these

molecules confer a significant degree of organization to the surmcaading water molecules,”
Hydrocarbons and other molecules that are hydrophobic are incapable of forming hydrogen
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bonds with the surrounding water.  Nevertheless, their repulsion of water also imparts a great
deal of organization to the surrounding environment.  The organized water decreases the
overall devel of entopy of the surrounding medium.  Because organized water is
thermodynamically vnfavorable, molecules tend to "welcome” the opportunity to shed the
surrounding water, or dehydrate, in favor of assembling with one another.® This step is the
primary driving force of self-assembly in the typically aqueous biological milieu, and accounts
tor interactions among surfaces and macromolecules that may intuitively appear to be unlikely.
While charge cffects begin fong range at 15 nm, dehydration effects soon take over.
Dehydration efiects and the associated entropic drive continue (o favor surface adsorption to
approximately the 3 nm intermolecular distance where steric, double layer and electrostatic
repulsion forces begin (o reverse the process.”

In nature, hydrogen bonds are targely responsible for base pair matching in double stranded
nucleie acids, codon-anticodon matching in transfer RNA, stabilization of RNA cloverlear
structure via base pair matching, and stabilization of secondary protein strvctures such as o-
hetices and B-sheets. The premier biotechnological application to date has been exploitation of
the polymerise chain reaction process.

[nininyic structural stability

The structural stability of proteins in the bological environment is determined by two
compeung groups of forces. There are denaturing forces created by the interactions between
charged groups and hydrogen bonds largely exiernal 1o the molecule and there are
conformationally stabilizing van der Waals forces largely internal to the molecule. The van der
Waals forces, most often experienced by the relatively hydrophobic molecular regtons that are
shielded from water, play a subtle but cnitical role in maintaining molecular conformation
during self-assembly.

Molecules that are "hard” and relatively stable are less bikely to be deformed duning selt-
assembly.  The associated minimal change of the Gibbs free energy. a consequence of
molecular denaturation to an energetically more favorable staiv  enables the interaction to bhe
refatively reversible.  "Softer” molecules, however, are particularly  vulnerable to  the
biophysical forces of self-assembly, and the energy minima assumed upon conformational
denaturation tend to preclude reversal.

NANOSCALE BIOLOGY

Although we live in a three dimensional world, most of our sensory experiences with matter
invalve perceptions of only the very few surface layers of molecules.  Our two-dimensional
cognition of a three dimensional environment is a primary consequence of the fact that most
chemical and biophysical interactions between materials and the biological environment, of
which we are an integral part, occur at surfaces. While colloidal materials and nanoscale
processes have not generally considered to be in the realm of the biological sciences, even a
cursory view of the biological world yields a vision resplendent with things nano.

In our world, surfaces rule. Surtaces are physically unique environments with mechanical,
chemical and electrical properties derived [rom the electron clouds of the atoms comprising
them. Three dimensional matier that is comprised primarily of surfaces, better known as a



colloid, is the chief operator. Introduced by Thomas Graham in 1861, a colloid is any particle,
droplet, molecule, or otherwise designated form of matter whose linear dimension is
somewhere between 1 nm and 1 pm. Indeed, Man* himself is a complex animated colloid
representing the interfacial activities of the four forms of matier: gas, liquid. glass and solid.
Self assembled from Leibnitzian monads® of almost unimaginable variety, man is a testimony to
the awesome inherent properties of colloids and nanoparticles.

BIOCHEMICALLY REACTIVE PAIRS

Biochemical phenomena consist of binary interactions between pairs of molecules.
Common names for such biochemically reactive pairs include but are not limited to
immunological pairs, ligand-receptor pairs, enzyme-substrale pairs, drug-receptor pairs,
calalyst-reactant pairs, catalyst-substrate pairs, absorbate-absorbent pairs, adsorbate-adsorhent
pairs, and toxin-ligand pairs. On a molecular level, nearly all biochemical phenomena beiween
such pairs involve the spatial recognition of one molecule by another, and such recognition
serves as the means by which energy and information are transmitted, products are generated,
responses are initiated and complex biological structures are buift.

The process of spatial recognition implies both regioselective and  stereoselective
interactions among biochemically reactive pairs. One member of a biochemically reactive pair,
constrained by fundamental biophysical laws, may interact with the other member of a
biochemically reactive pair if and only if both members are physically conformed within some
bounded set of possible spatial arrangements and if both members have their respect interactive
regions unencumbered. The environment within which biochemically reactive pairs interact
affect greatly the process of spatial recognition. Environments that constrain spatial mobility
or encumber molecular regions may, depending on the degree of constraint and the resulting
spatial conformation, either promote or inhibit biochemically reactive pair interactions.

An example of the former is surface activation of synthetic chemical reactions in a process
known as "solid phase synthesis." Solid phases, cither as solid glassy polymers, crystalline
materials, or complex macromolecular polymers have been features of synthetic biochemistry
since the carly 1960's . Their use was advanced largely by Merrifield” for facilitating peptide
synthesis and for which he received the Nobel Prize for Chemistry in 1984, They became
widely popular because the solid-phase method offered simplicity, speed, avoidance of
intermediate isolation, and automation. The principal limitation in the widespread use of solid
phases has been the empirical observation that only a few surfaces were effective biochemically
reactive pair intesaction promolers,

It is impractical to list the many examples of environmental constraints that atfect
biochemically reactive pair interactions, but it is reasonable to acknowledge that such

The term "Man” is used here in the generic sense as a more linguistically palatable form
of H. Sapiens.

Metaphysical theory of matter developed in the late 17th century and stimulated, in
part, by organic microscopic entitics that had been discovered recendy following
Lecuwenhoek’s (1632-1723) invention of the microscope. Although the theory argues
for the non-interaction of substances, it nevertheless entails rudimentary allusions to the
conservation of energy and to the principle of least action - elements that are used
today to describe colloidal and macromolecular phenomena.
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constraining conditions include but are not limited to temperature, salinity, surface chemistry,
solution dielectric constant, osmolarity, concentration of competitive species, gas partial
pressures, electric fields, and magnetic fields.

CHALLENGES OF MOLECULAR DELIVERY

Molecular delivery is the Holy Grail of the biomedical sciences. Delivery, to the extent that
molecules would be stabilized for greater activity and targeted for greater specificity, offers the
promise of greatly improving such fields as vaccines, drugs therapy and even gene therapy. A
host of chemical reactions that tend to destroy polypeptides and other labile biochemicaily
active molecules might be prevented with adequate surface immobilization (Table 1)
Consequently, vaccines might not have to be boosted because they would lasied longer, and
their immunoprotective properties might be enhanced. Drugs might be more effective with
fewer side effects if they were targeted. And most significantly, gene therapy might be possible
on a practical level without the need for surgery.

TABLE 1 Stability Problems in Bulk Potential Advantages of
Solutions+ Surface Immobilization

Rationale for using delivery « Hydrolysis e Stability (protection
vehicles in the biomedical ¢ Oxidation against the processes
community. e Deamidation described to the left)

e Phosphorylation e Cellular or Organ

o P-elimination Targeting

e Racemization

» Glycation

Unfortunately, the marriage of biological sciences with materials science has been rocky.
Nanoscaled members of a biologically reactive pair, when immobilized onto a surface that
alters dramatically aspects of their environmentally constrained conformation, tend to assume
novel <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>